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Abstract 
CO2 utilisation is becoming an appealing topic in catalysis science due to the urgent need 
to deal with greenhouse gases (GHG) emissions. Herein, the dry reforming of methane 
(DRM) represents a viable route to convert CO2 and CH4 (two of the major GHG) into 
syngas, a highly valuable intermediate in chemical synthesis. Nickel-based catalysts are 
economically viable materials for this reaction, however they show inevitable signs of 
deactivation mainly caused by the agglomeration of the active phase and carbon deposition 
on the surface of the catalyst. In this work, stabilisation of Ni in a pyrochlore-perovskite 
structure is reported as a viable method to prevent fast deactivation. Substitution of 
Zirconium by Ni at various loadings in the lanthanum zirconate pyrochlore La2Zr2O7 is 
investigated in terms of reactant conversions under various reaction conditions. 
Crystallographic analysis of the catalysts showed the formation of phases corresponding to 
the pyrochlore structure La2Zr2-xNixO7-δ and an additional La2NiZrO6 perovskite phase at 
high Ni loadings. The pyrochlore mixed oxide shows high basicity and surface oxygen 
availability, leading to a material with high CO2 activation potential. In particular, the 
formation of lanthanum oxycarbonate is occurring upon CO2 activation. The best 
formulated catalyst shows excellent activity for various reforming reactions at temperatures 
as low as 600 °C and displays great stability over 350 hours of continuous dry operation. 
Versatility in feed ratio and syngas production was demonstrated. Carbon formation 
although inevitable, is limited using this formulation strategy. The presence of nanosized 
Ni particles contributes to the excellent performance of the catalyst. Exsolution of Ni from 
the host lattice is believed to occur upon activation pre-treatment of the catalyst and leads 
to small, well dispersed and highly active Ni clusters. Overall, this work showcases an 
appealing strategy to design economically viable advanced catalysts for chemical CO2 
recycling via reforming reactions. 
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Chapter 1. 
 
Introduction 
 
 
1.1. Motivation 
Population growth and economic development are driving up the global energy demand. In 
2018, energy consumption worldwide increased by 2.3% which corresponds to a growth 
rate double the average growth rate since 2010 [1]. Considering that today the main sources 
of energy are non-renewable and based on the consumption of petroleum products, research 
is now focused on alternative energy sources, clean and as efficient as the oil derivate. 
Alternative energy sources are needed for several reasons. First, the fossil resources are 
limited which implies an energy transition. Then, oil fields are owned by a limited number 
of countries so new energy sources would provide energy sufficiency. Finally, in the 
context of global warming, reducing the impact on the environment has become essential, 
especially by reducing carbon dioxide emissions. The growth in energy consumption in 
2018 led to a rise in CO2 emissions of 1.7%, reaching an all-time high record [1]. 
Carbon capture and storage (CCS) has been proposed as a solution to limit CO2 release in 
the atmosphere nevertheless this technology has not demonstrated commercial viability so 
far. Moreover, CCS technologies have limited capacities and fossil fuels are to remain the 
main source of energy for yet a few decades. A more challenging alternative from the 
chemical and engineering perspective is the Carbon Capture and Utilisation (CCU) 
approach, where CO2 is converted and recycled back to fuels and added value chemicals. 
The CCU approach tackles CO2 emissions in a more active and sustainable way by turning 
CO2 into a viable chemical and a cheap carbon source. 
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Dry Reforming of Methane (DRM) is the reaction between carbon dioxide and methane 
and represents an attractive way to obtain syngas. On one hand, syngas is a valuable 
chemical building block, easily upgraded to fine chemicals and on the other hand, it allows 
the abatement of two of the most abundant greenhouse gases. 
Thermodynamically, DRM requires high reaction temperatures to achieve high CH4/CO2 
conversions and syngas production. However, this reaction is kinetically limited, and the 
use of a catalyst is required. A catalyst is a substance that accelerates the rate of a reaction 
by providing an alternative reaction pathway. The catalyst reacts to form a temporary 
intermediate of reaction, which provides a mechanism with a lower activation energy. The 
catalyst is rapidly regenerated to perform another catalytic cycle. Nevertheless, at such high 
temperatures, supported metal catalysts are prone to deactivation due to sintering of the 
metallic phase [2]. Moreover, carbon deposition inevitably occurs due to numerous side 
reactions. Downstream processes typically operate at pressure levels between 20 and 70 
bars [3] therefore to reduce the number of costly compression steps, DRM should be taking 
place at elevated pressure. Thermodynamically, the deposition of coke becomes more 
favourable at higher pressures, especially above 10 bars. Hence, high temperatures (above 
800 °C) would then be required to balance the loss of conversion induced by pressure.  
Research is focused on the development of active and coke-resistant catalysts for DRM. 
Conventional catalysts are composed of a metallic active phase dispersed on a support. 
Typically, noble metals such as Ru, Rh, Pd and Pt have been found to be very active and 
coking resistant, but their price and limited availability is shifting investigation towards 
transition metals like Ni and Co [4]. Thus, for a practical application, there is a need to 
develop a cost-effective catalyst, able to withstand high temperatures and able to resist 
deactivation due to coking and sintering.  
1.2. Aim and Objectives 
The overall aim of the project is to develop a cost-effective catalyst for the reforming of 
methane by CO2, able to withstand high temperatures and able to resist deactivation due to 
coking and sintering. In this context, the main objectives of this thesis are to develop a 
novel series of heterogeneous catalysts with tailored textural and structural properties, to 
test their catalytic performance and to investigate their intrinsic properties.  
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To deliver on the overall aim, the following specific objectives were carried out: 
Objective 1: Strategy development. Synthesis of Ni stabilised in thermally stable mixed 
oxide structures and characterisation of the produced materials. 
Objective 2: Strategy validation. Catalytic test for the dry reforming of methane using 
various condition and post mortem characterisation. 
Objective 3: Strategy versatility. Catalytic test on selected materials using different gaseous 
feedstock. 
Objective 4: Strategy confirmation. Advanced spectroscopic analysis of the materials to 
confirm the exsolution hypothesis.  
1.3. Thesis outline 
Chapter 2  
Chapter 2 summarises the state-of-the-art on CO2 utilisation technologies. In particular, 
focus was placed on reforming systems. The thermodynamic aspects of the reactions and 
the existing processes were assessed. Additionally, the currently existing catalytic systems 
for DRM were reviewed.  
Part of this chapter is published: L. Pastor-Perez, E. le Saché, T. R. Reina “Gas phase reactions 
for chemical CO2 upgrading” in Carbon Dioxide Utilisation: From fundamental discoveries to 
production processes. Chapter 14, De Gruyter. Eds M. North and P. Styring 2019 pp. 249-280. 
Chapter 3  
Chapter 3 describes the development of Ni doped pyrochlores as catalysts for the dry 
reforming of methane. The produced materials were thoroughly analysed, evaluating their 
textural properties, crystal structure, redox features, acid/base behaviour and reactivity. 
Part of this chapter is published: E. le Saché, L. Pastor Perez, D. Watson, A. Sepúlveda-
Escribano, T.R. Reina “Ni stabilised on inorganic complex structures: superior catalysts 
for chemical CO2 recycling via dry reforming of methane”, Applied Catalysis B: 
Environmental 236 (2018) 458-465. 
Chapter 4  
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Chapter 4 describes the catalytic performance of the Ni doped catalysts for the dry 
reforming reaction. The effect of Ni content, space velocity and temperature were 
measured. The impact of the reaction conditions on the structure of the catalysts has been 
studied along with the formation of carbonaceous deposits. The potential regeneration of 
the catalyst after long term performance was also evaluated. 
Part of this chapter is published: E. le Saché, L. Pastor Perez, D. Watson, A. Sepúlveda-
Escribano, T.R. Reina “Ni stabilised on inorganic complex structures: superior catalysts 
for chemical CO2 recycling via dry reforming of methane”, Applied Catalysis B: 
Environmental 236 (2018) 458-465. 
Chapter 5  
Chapter 5 describes the catalytic performance of the 10% Ni doped catalyst in the presence 
of steam and during the reforming of model biogas mixtures. Different reaction conditions 
were applied, and focus was placed on the syngas production and deactivation from carbon 
deposition. 
Part of this chapter is published: E. le Saché, L. Pastor-Perez, V. Garcilaso, D. Watson, 
M.A. Centeno, J.A. Odriozola, T.R. Reina “Flexible syngas production using a La2Zr2-
xNixO7-δ pyrochlore-double perovskite catalyst: towards a direct route for gas phase CO2 
recycling”, Catalysis Today in press. 
Chapter 6  
The developed 10% Ni doped pyrochlore catalyst was found to be cost effective, robust 
and active for reforming reactions. Chapter 6 studies in depth the particular features of this 
catalyst. An in-operando DRIFTS study was carried out under DRM conditions to gain 
some mechanistic insights. Additionally, a time resolved XAS study was also performed to 
attempt to elucidate the evolution of Ni species under reductive atmosphere. 
Chapter 7  
Conclusions and suggestions for future research are summarized in this chapter.  
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Chapter 2. 
 
 Literature review 
 
 
This chapter provides a thorough review of the state of the art on carbon capture and utilisation 
techniques, especially focusing on the dry reforming of methane. The first part of this chapter 
exposes the rising anthropogenic CO2 emission problem and the different existing technologies 
to capture and utilise CO2 as a feedstock for the chemical industry. The second part of this 
chapter describes in detail the CO2 reforming pathway. A brief historical background on the 
discovery of the chemical reaction as well as the process implementation is given. 
Thermodynamics aspects along with mechanistic features are then explained. Lastly the state 
of the art on catalyst formulation is provided, differentiating conventional catalyst design 
approaches and novel structured approaches. 
2.1. CO2 emissions 
Carbon dioxide is the most abundant greenhouse gas and is mainly responsible for the 
observed global warming. It is the main product of total combustion in power plants and 
its concentration in the atmosphere considerably rose since the beginning of the industrial 
era. In 1750, the CO2 concentration in the atmosphere was 277 ppm according to Joos et 
al. [5] and reached concentrations as high as 411.77 ppm in July 2019 [6]. Although CO2 
emissions have been found to be constant between 2014 and 2016 (Figure 2.1.a), proving 
the effect of the global effort regarding environmental policies and primarily due to the 
decline in coal demand, CO2 emissions increased again significantly in the past two years. 
According to the International Energy Agency (IEA), the global economy expansion drove 
the energy demand but was not met by higher productivity or faster low-carbon scale up 
options. In addition, climate change impacted the weather conditions last year and is 
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responsible for a fifth of the increase in global energy demand as more heating and cooling 
were needed [1]. 
Figure 2.1. illustrates the evolution of CO2 emissions from fossil fuels and industry since 
1960 and divides them by source. The growth rate of global fossil CO2 emissions increased 
rapidly in the 2000s with an average growth rate of 3.2 % yr−1 corresponding to China’s 
fast-economic growth. Coal-fired power generation is responsible for over 70% of energy 
related CO2 emissions in China, explaining the rise of coal related CO2 emissions globally 
[7]. Global emissions due to oil and gas are steadily increasing while the cement industry’s 
impact on the environment is far from negligible and rapidly increased in the 2000s. During 
the production of cement, the calcination of limestone and clay produces the desired clinker 
at about 1450 °C. Calcium carbonates are decomposed to calcium oxide and CO2 which 
represents over 50% of the CO2 emissions in this industry while the thermal treatment in 
responsible for about 40%. Therefore, there is a need to tackle CO2 emissions from the 
source.  
In recent years, initiated by the Kyoto protocol of 1997, more efforts have been made by 
national governments to implement greenhouse gases mitigating processes and 
technologies, such as carbon capture and storage. However, there is still much to be done 
to meet the target agreed on by ‘The Paris Agreement’ of limiting the global average 
temperature to below 2 °C above pre-industrial levels. To reach this target by 2100, the 
IEA predicts that CO2 emissions should be limited to 13.3 Gt of CO2 by the year 2050 [8].  
The European Union has set targets for 2020 including a 20% cut in greenhouse gas 
emissions from 1990 levels, the production of 20% of EU energy from renewables and the 
improvement of energy efficiency of 20%. While the targets for 2030 for the same key 
objectives are up to 40%, 32% and 32.5% respectively [9]. To achieve these targets, the 
EU established an emission trading system, putting a price on carbon. It is crucial to redirect 
the global focus from fossil fuels to renewable energy sources and to develop CCS and 
CCU technologies to reach the set targets. 
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(a) (b) 
 
Figure 2.1. CO2 emissions from fossil fuels and industry for (a) the globe, including an 
uncertainty of ±5 % (grey shading). (b) Global emissions by fuel type, including coal, oil, 
gas, and cement, and excluding gas flaring which is small (0.6 % in 2013). Reproduced 
from Le Quéré, C. et al. [7]. 
2.2. CCU technologies 
Carbon capture and storage refers to the capture of CO2 from a source, either an industry 
or a power station, in addition to its transport and storage in geological formations. 
Typically, the captured CO2 is pressurised, and the resulting supercritical CO2 is injected 
into sedimentary rocks in depleted oil fields, gas fields or in saline formations. Although it 
appears as a solution for CO2 emissions mitigation, it is associated with numerous 
drawbacks. First, many countries do not have access to sufficient storage capacity. The UK 
in particular, has the capacity to store about 7.5 Gt of CO2 in offshore oil and gas fields, 
which is equivalent to 15 years of emissions [10]. Plus, geological storage needs to prove 
its robustness over time and to local human activities. Each geological reservoir is virtually 
unique and needs acute investigation to determine its suitability and capacity. Offshore 
storage is a possibility, but it involves higher transport and storage costs [11]. Enhanced 
Oil Recovery (EOR) is a well-established process where CO2 is injected in declining oil 
fields. The injection of gas allows the recovery of additional oil, of which sale partially 
offsets the cost of CCS. The location of those fields is however not necessarily in the 
vicinity of the carbon source. Moreover, the subsequent combustion of the recovered oil 
will annihilate the effort of CO2 mitigation. In this sense, CCS alone is not a viable solution 
to reach the cut in greenhouse gas emissions target of 2030. Rather than capturing and 
storing carbon dioxide, CCU aims at generating added-value products from CO2 waste. 
Most CCU technologies require pure streams of carbon dioxide and therefore necessitate 
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highly efficient carbon capture and separation technologies. Hence CCS and CCU are two 
complementary approaches that both need to be implemented to reach EU targets while 
having a growing economy and energy demand. 
2.2.1. Carbon capture 
The capture of CO2 from small or mobile sources such as residences, businesses or the 
transport sector would be tedious and expensive. However, many large-scale stationary 
plants produce large quantities of concentrated CO2 and are the target of the currently 
developed capture systems. Refineries and chemical processes are high CO2 emitters, and 
CO2 recovery and purification is foreseeable. Specifically, ammonia production, ethylene 
oxide production, gas processing, H2 production and combustion processes as well as the 
iron, steel and cement industries are large sources of CO2. An estimation of 500 million 
tons of CO2 are available each year at a low cost and high concentration, emitted from 
fertilizer plants among others, while another 18 000 million tons are available at higher cost 
from diluted stream exiting power plants and steal and cement factories [12]. 
Different techniques are available to separate CO2 from gas streams. They are based on 
physical or chemical absorption, membranes or chemical reactions. Three technologies are 
typically proposed: post-combustion, pre-combustion and oxyfuel capture.  
The post-combustion technology captures CO2 from a flue gas stream after combustion in 
a coal-fired power plant for example. The flue gas is cleaned from ashes, sulphur and 
nitrogen compounds prior the CO2 absorber. This technology typically uses solvents based 
on amines, ammonia or alkali to chemically absorb CO2. After absorption, the solvent is 
regenerated using high temperature or low-pressure, releasing CO2. The most commonly 
used solvent is monoethanolamide (MEA) which forms MEA carbamate. The issue with 
this solvent is that it has a low CO2 capacity hence it requires large equipment and it is 
highly corrosive. Moreover, it is degraded by SOx, NOx, HCl and O2 which are present in 
the flue gas [13]. Other amine solvents include diethanolamine (DEA) and 
methyldiethanolamine (MDEA). Alternatively, ammonia may be used, forming ammonium 
carbonate and bicarbonate. It may be used in the presence of SO3 and NO2 forming 
ammonium sulphate and ammonium nitrate by-products. Using ammonia as solvent is 
about 40% less energy intensive in comparison to MEA [14]. Carbonate looping is another 
sorption technique where calcium oxide is carbonated at high temperature to form calcium 
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carbonate. Upon calcination at 900 °C calcium oxide is regenerated and produces high 
purity CO2. Providing that the heat of absorption/desorption is integrated in the power plant 
process, this technique is relatively cost effective. Deactivation of the absorbing material 
occurs relatively fast but it can be recycled as construction material [13]. Physical 
absorption may also be used to capture CO2. Pressure swing adsorption (PSA) is a cyclic 
process where CO2 is adsorbed on an adsorbent at high pressure and desorb at lower 
pressure. Adsorbents need to have a strong affinity towards CO2 and a high 
adsorption/desorption capacity and include molecular sieves, activated carbon and 
polymers (dimethyl ethers of polyethylene glycol) [14].  
The pre-combustion technology captures CO2 generated as a by-product of an intermediate 
reaction in a conversion process such as ammonia production, coal gasification or hydrogen 
production [15]. Typically, to produce hydrogen, a fuel is converted to syngas through 
reforming of hydrocarbons or coal gasification. The stream is purified from its CO in a shift 
reactor yielding CO2 and H2. This gas stream is usually at high pressure which advantages 
CO2 capture through PSA or by membrane separation [13, 14]. The driving force of the 
membrane separation is a difference in pressure. Their composition varies from porous 
organic framework to carbon or alumina, but they are not yet used for large scale 
applications. 
The oxyfuel process is the combustion of fuel with pure oxygen. The obtained flue gas 
mainly consists of CO2 (about 89 vol.%) and steam after cleaning. After drying, CO2 can 
be compressed and stored. The key parameter in this process is the separation of O2 from 
air. Typically, cryogenic separation is used where oxygen is separated from air by 
condensation at low temperature (-182 °C). This method is already used in large scale in 
the steel industry but is very energy demanding. Future developments are aiming to 
improve the efficiency of the cryogenic separation, to use membranes or chemical looping. 
Chemical looping does not aim to inject pure oxygen in the combustion chamber but rather 
consists in supplying oxygen to the oxyfuel process using an oxygen carrier. Metal oxides 
may be used as oxygen carrier and allow the fuel to combust. The reduced metals are 
subsequently regenerated to their oxides in a different reactor using air as oxidant [13].  
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2.2.2. CO2 utilisation 
With the introduction of CCU, carbon dioxide is no longer considered as a waste or a 
harmful pollutant but rather as cheap carbon source and valuable chemical. In Europe for 
instance, CO2 is very likely the most abundant carbon pool. High purity CO2 is obtainable 
thanks to the current and under development carbon capture technologies. Moreover, large 
volumes of CO2 are available in refineries, ammonia production plants, gas processing 
plants or biorefineries. Unlike CCS, CCU may take place locally, at the carbon point source 
thus reducing the costs of transport. Many commodity chemicals may be produced using 
CO2, affecting various markets. 
• Urea synthesis 
Urea is a commodity chemical of formula CO(NH2)2 and an important ingredient of 
fertilizers. It is currently synthesised on a large scale through the Haber-Bosch process in 
an integrated ammonia-urea manufacturing plant. First, nitrogen and hydrogen are 
catalytically converted to ammonia under high pressure and high temperature. The 
hydrogen for this process is usually obtained from the steam reforming of natural gas. This 
process produces large quantities of CO2 as by-product which may be recycled in a urea 
synthesis plant. Urea is produced from ammonia and CO2 at high pressure and high 
temperature. Globally, 174.3 Mton of urea was produced in 2016 according to the 
International Fertilizer Association which contributed to the consumption of 128 Mton of 
CO2 thus making urea production the most important process chemically using CO2. 
However, as urea is used as fertilizer, its fixation is quite short as it is release in the 
atmosphere upon application [16]. Pioneer projects have already demonstrated the viability 
of this route to reduce the large CO2 emissions of steel factories (ArcelorMittal) while 
producing “low-carbon” urea [17]. 
• Synthesis of salicylic acid and p-hydroxybenzoic acid 
Salicylic acid is prepared by the Kolbe-Schmitt method where sodium phenolate and CO2 
react at high temperature and pressure. In the same manner, the reaction of CO2 and 
potassium phenolate yields p-hydroxybenzoic acid (Figure 2.2.). Salicylic acid is used in 
the fabrication of analgesic while p-hydroxybenzoic acid is used to produce esters or 
parabens that are used in preservatives. Additionally, both salicylic acid and p-
Chapter 2 – Literature Review 
11 
 
hydroxybenzoic acid may be used as co-monomers in polyesters or polycarbonates which 
represent large markets [16]. 
 
Figure 2.2. Synthesis of salicylic acid and p-hydroxybenzoic acid. 
• CO2 based polymers 
CO2 has the ability to copolymerise with various compounds, typically epoxides, to form 
polycarbonate or polyether carbonate co-polymers. Depending on the epoxide used, 
different polymers may be obtained, polyethylene carbonate, polypropylene carbonate or 
polycyclohexene carbonate to cite a few. Ethylene oxide is the most simple epoxide and 
allows the production of alternating CO2 based aliphatic polycarbonates which is a more 
sustainable approach than the ring opening polymerisation of cyclic carbonate monomers 
using toxic and corrosive phosgene [18]. The carbon dioxide–epoxide copolymer presents 
interesting characteristic properties. Alternating copolymers of carbon dioxide and ethylene 
oxide or propylene oxide can be moulded into a sheet or film. Those films have a low 
permeability to oxygen; therefore, this copolymer would be useful in food packaging. The 
structure of the aliphatic polycarbonate is also to some extent biodegradable [19]. The 
market for the production in polycarbonates is enormous, since about 2.7 Mton are 
produced each year globally [14].  
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Copolymerisation of propylene oxide and CO2 may also lead to polyethercarbonate polyols 
which upon reaction with isocyanate produced polyurethane. Polyurethane is one of the 
most produced and consumed polymers in the world. It finds applications in paints, foams, 
coatings and adhesives [20]. 
• Construction materials 
Mineral carbonation consists of reacting CO2 and minerals to obtain inert carbonates. The 
most currently used minerals are calcium and magnesium silicate, forming Ca and Mg 
carbonates. The reaction rate of carbonation is extremely slow which implies the use of 
energy intensive processes to enhance reaction rates. High temperatures, pressure and 
milling can be applied. The resulting carbonates are used in cement and other building 
materials [11]. 
A CO2 concrete-curing process was developed in Canada which consists in injecting liquid 
CO2 into wet concrete during its mixing. This allows the curing time to be reduced and 
does not change the quality of concrete. CO2 reacts and form a mineral once injected. One 
cubic meter of concrete is estimated to absorb up to 3.5 kg of CO2 [21]. 
• Methanol production 
Methanol is a commodity chemical with a global production exceeding 100 Mton per 
annum. It is typically produced from syngas but the potential use of CO2 as feedstock has 
been brought forward to mitigate global warming. The direct hydrogenation of CO2 to 
methanol is an exothermic reaction with reduction of reaction molecules (eq. 2.1). Hence, 
the rise of pressure and the decrease of temperature should favour the reaction. One major 
drawback of this CO2 utilisation technology is the use of large quantity of hydrogen. 
Provided that the consumed hydrogen comes from a renewable source such as water 
electrolysis, the impact on the environment may be limited. In this process, besides the 
high-pressure requirement and the large consumption of H2, selectivity towards methanol 
is an issue. Indeed, the reaction is competing with the Reverse Water Gas Shift reaction 
(RWGS) which reduces CO2 to CO. RWGS being significantly more endothermic than 
methanol synthesis (which is exothermic), the evacuation of the heat of reaction is 
necessary in the process design to guaranty selectivity towards methanol [22].  
𝐶𝑂2 +  3𝐻2 ↔ 𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 ∆𝐻298𝐾
0 = −49.8 𝑘𝐽 𝑚𝑜𝑙−1 (2.1) 
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Moreover, high CO2 conversions are difficult to reach, and research is undergoing to 
improve the activity of the current Cu/ZnO based catalyst [23]. When compared to 
methanol production from syngas, less side reactions occur and therefore the succession of 
several reactors is not necessary for high conversion and less investment is needed for 
purification [22].  
Nevertheless, several pilot plants have been operating since 1996, in particular the George 
Olah carbon dioxide to renewable methanol plant in Iceland which uses hydrogen from 
electrolysis and CO2 from a geothermal power station [22]. 
• Power to gas 
In the same vein, CO2 can be directly hydrogenated to CH4 through equation 2.2.  
𝐶𝑂2 +  4𝐻2 ↔ 𝐶𝐻4 + 2𝐻2𝑂 ∆𝐻298𝐾
0 = −165 𝑘𝐽 𝑚𝑜𝑙−1 (2.2) 
CO2 can be recycled into natural gas but because of the high amount of hydrogen needed 
for this process, it is important that hydrogen comes from a renewable source. Methanation 
of CO2 also known as the Sabatier reaction has recently come back to light thanks to the 
power to gas concept. Power from a renewable source can convert H2O into H2 via 
electrolysis, H2 is then stored and later converted back to electricity when a period of high 
power consumption occurs [24]. CO2 methanation represents a more practical and safer 
route to store energy under the form of methane rather than hydrogen. Methanation of CO2 
suffers from selectivity issues towards CH4 since it competes with the RWGS reaction but 
works at low temperatures [25]. 
• CO production via RWGS 
The RWGS reaction (eq. 2.3) reduces CO2 to CO.  
𝐶𝑂2 +  𝐻2 ↔ 𝐶𝑂 + 𝐻2𝑂 ∆𝐻298𝐾
0 = 41.2 𝑘𝐽 𝑚𝑜𝑙−1 (2.3) 
It is an equilibrium limited process which is thermodynamically favoured at high 
temperatures. At lower temperatures, the Water Gas Shift reaction (WGS, reverse of eq. 
2.3) is favoured along with methanation reactions from CO2 (eq. 2.2) and CO causing 
selectivity issues. Therefore, high temperatures and increased H2/CO2 ratio are used to 
maximise CO2 conversion [26]. The main drawback of RWGS along with selectivity 
towards CO is the availability and cost of H2. Catalysts are designed to improve the 
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selectivity of the reaction; the state-of-the-art catalyst is based on Cu but FeOx and Ni based 
catalysts also showed good performances [26-28].  
Although the WGS reaction is commonly used in H2 production plants to purify the 
reformed stream from CO by-product, the reverse reaction is also of interest to produce 
syngas and adjust its H2/CO composition. In particular, the CAMERE process uses CO2 to 
produce methanol in a two-step process. First, CO2 and H2 are turned into syngas in a 
RWGS unit which is then directed to a methanol reactor after dehydration [29-32].  
• Dimethyl ether production 
Dimethyl ether (DME) is used as precursor in many organic syntheses and as an aerosol 
propellant, but most importantly it can be used as diesel substitute or as fuel in direct fuel 
cells. DME is traditionally produced via methanol dehydration or from syngas but 
alternatively it can be produced from CO2 hydrogenation through equation 2.4 using a 
bifunctional Cu based catalyst on zeolite [33]. 
2𝐶𝑂2 +  6𝐻2 ↔ 𝐶𝐻3𝑂𝐶𝐻3 + 3𝐻2𝑂 ∆𝐻298𝐾
0 = −122.2 𝑘𝐽 𝑚𝑜𝑙−1 (2.4) 
The direct production of DME is attractive since it rules out all the limitations of the 
methanol production step explained above. 
• Formic acid synthesis 
Formic acid has numerous applications but nowadays it is under scrutiny as hydrogen 
storage material “hydrogen batteries” [34]. Indeed, the decomposition of formic acid yields 
pure H2 and CO2, thus not producing harmful CO for Proton Exchange Membrane fuel cell. 
Currently, formic acid is produced via syngas but direct production of formic acid from 
CO2 is of interest, although thermodynamically unfavoured (eq. 2.5). 
𝐶𝑂2 (𝑔) +  𝐻2 (𝑔) ↔ 𝐻𝐶𝑂𝑂𝐻(𝑙) ∆𝐻298𝐾
0 = −31.2 𝑘𝐽 𝑚𝑜𝑙−1 (2.5) 
Currently the best results are obtained from homogeneous catalysis in the presence of a 
base like amines, hydroxides or bicarbonates to form salts and favour the thermodynamics. 
BASF developed Ru complexes and used NHex3 trihexylamine to successfully form formic 
acid and extract it [35]. 
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• Syngas production 
The mixture of carbon monoxide and hydrogen or synthetic gas (syngas), is a building 
block for the production of chemicals (Figure 2.3.). When fed to further conversion 
processes, valuable products from diesel and naphthalene to acetic acid and formaldehyde 
can be obtained. The Fischer-Tropsch synthesis (FTS) in particular, allows the production 
of a variety of hydrocarbon fractions. The FTS is a polymerisation reaction, involving the 
adsorption of the reactants, the initiation of a hydrocarbon chain and finally the chain 
growth termination. Therefore, depending on the syngas composition, the catalyst used, 
and the reaction conditions, alkanes, alkenes and alcohols of various length are produced. 
In that sense greenhouse gases and biomass can be upgraded to gasoline, diesel fuel, jet 
fuel or waxes through the FTS.  
 
Figure 2.3. Applications of syngas in the chemical industry. 
The production of syngas is traditionally done by the steam reforming of methane. This 
technology is well established and yields syngas with H2/CO of ca. 3. However downstream 
processes may require different syngas composition, like the methanol synthesis which 
requires a H2/CO of 2. Hence syngas production from CO2 reforming is of interest. 
Specifically, DRM produces a syngas of H2/CO of 1 and will be discussed in detail in 
section 2.3.  
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2.3. Reforming of CO2 
2.3.1. History 
In terms of materials, the reaction between hydrocarbons and metals was already observed 
in 1817 by Davy during an experiment with a wire-gauze safety lamp, before the concept 
of catalysis was even introduced [36]. He particularly observed that a carbonaceous matter 
destroyed the igniting power of platinum and that palladium lost its properties due to a 
coating of ‘sulphuret’, witnessing the main issues that will later encounter reforming 
reactions: coking and poisoning by sulphur [36, 37]. The production of H2 from 
hydrocarbons and steam over calcium oxide was observed in 1868, forming calcium 
carbonate. The use of nickel for this reaction was later patented in 1889 [37]. Lang 
performed several experiments in 1888 in the laboratory of Prof. Naumann, including the 
reduction of CO2 by CH4, the steam reforming of methane and various experiments on the 
gasification of carbon using steam, oxygen or CO2. In particular, he performed DRM on 
Cu and described that the reduction of CO2 only started between 700 and 800 °C [38]. 
Neumann et. al. published a complete study in 1924 on the Sabatier reaction and the 
reaction of steam and methane. They used a nickel and magnesia-based catalyst and 
reached complete conversion of methane at around 1000 °C [39]. Soon after, DRM was 
thoroughly studied by Fischer and Tropsch in 1928 [40]. They performed the reaction on 
various base metal catalysts, nickel and cobalt being the most promising ones. Severe 
deactivation due to carbon deposition was however observed, and researchers have been 
focused on tackling this problem ever since. To this date however, there is no established 
industrial DRM plant, mainly due to the carbon formation occurring without the use of 
steam. 
On the other hand, steam reforming was industrially introduced in 1930 by Standard Oil of 
New Jersey. The technology went through an industrial break-through in the 1960s when 
tubular reformers were successfully operating at high pressures, decreasing significantly 
the cost and energy consumption of downstream processes such as ammonia and methanol 
synthesis [41]. Depending on the feedstock available in each country, naphtha and natural 
gas steam reforming plants were implemented. Although DRM is not developed at large 
scale yet, reforming processes using CO2 rich gas are in operation and Figure 2.4. depicts 
an example of a simplified flow sheet. The addition of CO2 in the feed stream is a way to 
control and adjust the distribution of products and hence the H2/CO ratio, thus, allowing to 
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tailor the syngas composition for diverse downstream processes. Many issues accompany 
the reforming of naphtha such as carbon formation and sulphur poisoning of the catalyst. 
Natural gas contains between 5 and 20 ppm of sulphur where liquid hydrocarbons can 
contain up to 500 ppm [42]. The primary layer of catalyst would be poisoned by sulphur, 
permitting unreacted naphtha to enter the hot zone of the reformer tubes where carbon 
would form through pyrolysis and cause the formation of hot tubes. As a result, a limit of 
10 ppb of sulphur content was estimated in the 1970s and a desulfurization unit was 
introduced to protect the reforming catalyst from sulphur poisoning.  
The pre-reformer was introduced in the 1980s and converts, at low temperatures, the higher 
hydrocarbons before entering the preheater, thus allowing to preheat at high temperatures 
without risks of pyrolysis [41]. This unit is indispensable to comply with the variety of 
hydrocarbon feedstock composition. All higher hydrocarbons are converted to hydrogen, 
carbon oxides and methane thus eliminating the larger risk of carbon deposition in the 
tubular reformer caused by higher hydrocarbons. Moreover, any remaining poison in the 
desulphurised feed will be picked up by the pre-reformer catalyst, thus protecting the 
primary reformer catalyst. Additionally, the pre-reformer operates at rather low 
temperature, generally around 500 °C, where carbon deposition is unlikely to take place 
[43]. Overall, the addition of a pre-reformer results in lower tube wall temperatures in the 
reformer and longer lifetime of the tubes and the catalyst. The reformer is the most critical 
and expensive unit of the process. In order to operate at high temperatures, high alloy tubes 
are required and extremely expensive. The lifetime of the tubes depends highly on the 
temperature and therefore on the catalyst activity and deactivation. A deviation of 30 °C 
from the designed operating conditions can reduce the lifetime of the tubes from 100000 
hours to 25000 [43]. 
Later, the SPARG (Sulphur PAssivated ReforminG) process was introduced in the 1980s 
to tackle Ni catalyst deactivation by carbon deposition. In this process, sulphur is injected 
in the feed stream to poison a portion of the most active sites to prevent carbon formation, 
while the remaining sites maintain some activity for reforming [42]. Sulphur passivation is 
a size-selective technique where sulphur selectively poison large particles. When the Ni 
surface is completely covered by sulphur, adsorbed carbon cannot dissolve into the Ni 
lattice, which blocks the whisker growth mechanism. Since carbon formation occurs 
preferably on larger ensembles than reforming, sulphur passivation inhibits carbon 
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formation more than it does reforming [44]. This promotion by poisoning strategy must be 
carried out carefully to avoid the formation of inactive nickel sulphides. 
In 1986, the CALCOR process was patented by Caloric [45]. This process aims to produce 
pure carbon monoxide and is based on CO2 reforming. The fuel is first hydrogenated and 
desulphurised. Then, it is mixed with CO2 and reformed to syngas. The stream is then 
cooled, and CO2 is removed, absorbed by MEA and recovered. The obtained syngas is 
typically composed of 70 vol.% CO and 30 vol.% H2. Hydrogen is then separated and 
recycled yielding carbon monoxide of up to 99.99 vol.% purity, depending on the 
purification system, membrane unit or cold box unit [46]. 
Several plants for CO2-rich reforming are currently in operation. A full size monotube pilot 
plant of dimensions comparable to an industrial scale reforming plant is functioning in 
Houston, USA. This pilot plant runs with a natural gas feed in the range of 60-120 m3 h-1 
and utilises a Ni/MgAl2O4 catalyst. Several primary reformer feeds were experimented for 
times on stream of around 500 hours [42]. Linde recently inaugurated a pilot plant in 
Pullach, Germany to reform CO2-rich gas to syngas. Some industrial plants are also in 
operation, producing between 2400 and 133000 m3 h-1 of dry syngas. In Japan, a plant is 
currently using a Ru/MgAl2O4 catalyst to reform natural gas at low pressure to produce a 
syngas with a H2/CO ratio of unity. The reformer’s feed contains up to 56 mol.% of CO2. 
Plants in South Korea, India and the UK are reforming naphtha feed stock containing C6-
C12 hydrocarbons and use a pre-reformer. They operate at pressures between 20 and 25 bars 
and produce syngas of H2/CO ratio of 1.7-2.1. Plants are also present in Iran, Indonesia and 
Malaysia, reforming natural gas with a Ni/MgAl2O4 catalyst. Lastly, an industrial plant in 
USA applies the SPARG technology on that same catalyst to reform natural gas [42]. 
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Figure 2.4. Flow sheet of a reforming process adapted from [42] with optional 
configurations (dotted lines). 
2.3.2. Thermodynamics 
Thermodynamically, DRM (eq. 2.6) and Steam Reforming of Methane (SRM, eq. 2.7) are 
highly endothermic reactions. Therefore, elevated temperatures are required to attain high 
reactant conversions to syngas.  
𝐶𝑂2 +  𝐶𝐻4 ↔ 2𝐶𝑂 + 2𝐻2 ∆𝐻298𝐾
0 = 247.3 𝑘𝐽 𝑚𝑜𝑙−1 (2.6) 
𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2   ∆𝐻298𝐾
0 = 206.8 𝑘𝐽 𝑚𝑜𝑙−1 (2.7) 
Alternatively, syngas can be obtained from the Partial Oxidation of Methane (POM, eq. 
2.8), also called Oxy reforming, using O2 as oxidant. POM benefits from fast reaction 
kinetics, favourable thermodynamics and excellent syngas selectivity at extremely high 
space velocities. However catalyst deactivation due to carbon deposition can make the 
process exothermic and thereby raise safety concerns associated with dangers of explosions 
[47]. Autothermal reforming (eq. 2.9), the combination of SRM and POM, presents the 
advantage of not requiring any external source of heat. 
𝐶𝐻4 +  ½𝑂2 ↔ 𝐶𝑂 + 2𝐻2 ∆𝐻298𝐾
0 = −35.6 𝑘𝐽 𝑚𝑜𝑙−1 (2.8) 
7𝐶𝐻4 + 3𝑂2 + 𝐻2𝑂 ↔ 7𝐶𝑂 + 15𝐻2 + 𝐶𝑂2 ∆𝐻298𝐾
0 = −6.8 𝑘𝐽 𝑚𝑜𝑙−1 (2.9) 
But with the aim of reducing the impact of greenhouse gases, technologies using CO2 as 
oxidant are under scrutiny. Since DRM produces a syngas with a H2/CO ratio of maximum 
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1, the combination of SRM and DRM, known as the Bi-Reforming of Methane (BRM, eq. 
10) is of interest for producing H2-rich syngas. In the same vein, the Tri-Reforming of 
Methane (TRM, eq. 2.11) is the combination of SRM, DRM and POM and produces a H2-
rich syngas and has an improved process efficiency [48]. 
3𝐶𝐻4 + 2𝐻2𝑂 + 𝐶𝑂2 ↔ 4𝐶𝑂 + 8𝐻2 ∆𝐻298𝐾
0 = 660.9 𝑘𝐽 𝑚𝑜𝑙−1 (2.10) 
20𝐶𝐻4 + 𝐻2𝑂 + 3𝑂2 +𝐶𝑂2 ↔ 21𝐶𝑂 + 41𝐻2 ∆𝐻298𝐾
0 = 12.9 𝑘𝐽 𝑚𝑜𝑙−1 (2.11) 
Numerous side reactions may occur during reforming processes. In particular, the Reverse 
Water Gas Shift reaction (RWGS, eq. 2.3), consuming part of the H2 produced to reduce 
CO2 to CO. But most importantly, carbon formation reactions are thermally favourable 
across all the range of temperatures: the Boudouard reaction (eq. 2.12), CO and CO2 
reductions (eq. 2.13 and 2.14) and CH4 decomposition (eq. 2.15). These provoke the coking 
and deactivation of reforming catalysts. 
2𝐶𝑂 ↔ 𝐶 + 𝐶𝑂2   ∆𝐻298𝐾
0 = −171 𝑘𝐽 𝑚𝑜𝑙−1 (2.12) 
𝐶𝑂 +  𝐻2 ↔ 𝐶 + 𝐻2𝑂 ∆𝐻298𝐾
0 = −131 𝑘𝐽 𝑚𝑜𝑙−1 (2.13) 
𝐶𝑂2 + 2𝐻2 ↔ 𝐶 + 2𝐻2𝑂 ∆𝐻298𝐾
0 = −90 𝑘𝐽 𝑚𝑜𝑙−1 (2.14) 
𝐶𝐻4 ↔ 𝐶 + 2𝐻2 ∆𝐻298𝐾
0 = 75 𝑘𝐽 𝑚𝑜𝑙−1 (2.15) 
Nikoo et. al. performed a thourough thermodynamic study on DRM, focusing on the 
formation of solid carbon. They considered 17 possible reactions that may occur in DRM 
conditions [49]. According to thermodynamic principles, a reaction is spontaneous when 
the Gibbs free energy change of that reaction (∆𝐺𝑟
0) is negative. The equilibrium constant 
K obtained from (eq. 2.16) where T is the reaction temperature and Rg is the universal gas 
constant, therefore indicates the range of possible occurrence of each reaction. 
𝐾 = 𝑒
−
∆𝐺𝑟
0 
𝑅𝑔𝑇  
(2.16) 
Figure 2.5. represents the evolution with temperature of the equilibrium constant of the 
aforementioned reactions (2.3), (2.6) and (2.12-15) calculated by Nikoo et. al. The DRM 
reaction, as expected, is favoured at temperature above 650 °C. However, in this 
temperature range, methane decomposition is also highly favoured as well as the RWGS 
reaction. The Boudouard reaction (eq. 2.12), CO and CO2 reductions (eq. 2.13-14) on the 
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other hand are unlikely to occur at temperatures above 700 °C, although a change in 
reactant proportion may affect their occurrence since their ln(K) is rather low in the 700 °C 
range [49]. In view of these data, carbon deposition during DRM is likely to be mainly due 
to CH4 decomposition (eq. 2.15). 
 
Figure 2.5. Equilibrium constants of reactions involved in DRM at atmospheric pressure. 
Adapted from [49] 
The thermodynamic equilibrium composition plots for DRM, BRM and TRM are shown 
in Figure 2.6. In every case, full conversion of CH4 and CO2 is obtained at temperature 
above 800 °C. Carbon deposition occurs throughout the whole temperature range but seems 
mitigated at very high temperature and in the presence of steam (BRM). The H2 production 
is significantly enhanced by the addition of steam and oxygen, increasing at the same time 
the H2/CO ratio of the produced syngas. 
(a) (b) (c) 
   
Figure 2.6. Thermodynamic equilibrium plots for (a) DRM, (b) BRM and (c) TRM at 1 
bar using stoichiometric feeds (obtained using ChemCad 6.5.5 software). 
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2.3.3. Reaction mechanism 
According to thermodynamics, complete CH4 and CO2 conversions are achievable above 
800 °C (Figure 2.6). However, at such high temperature, methane decomposition is 
favoured which results in the formation of carbonaceous species. Hence a good catalyst 
needs to kinetically hinder carbon formation. For this reason, the mechanism of the 
reactions is deeply studied. Although the mechanism may vary with different catalytic 
systems, it can be summarized in four different steps (Figure 2.7). 
First, methane is adsorbed and dissociated from CH4 to CH3, CH3 to CH2, CH2 to CH and 
finally, CH to C and H. Methane activation is believed to be taking place on the metal 
surface although Bitter et al. suggested that it occurred at the interfacial sites for Pt/ZrO2 
catalysts [50]. The energy required to  dissociate the CH3-H(g) bond being high (439.3 kJ 
mol-1), it is agreed that the dissociation of methane on the catalyst is the rate determining 
step [51]. Carbon dioxide on the other hand can adsorb and dissociate on metal surfaces 
but is activated preferably on the metal-support interface or on the support, forming as a 
result CO and adsorbed oxygen (Figure 2.7.a). The reduction of CO2 to CO may occur 
through the formation of carbonate precursors and is facilitated on basic sites [52, 53]. 
Then, once the reactants are adsorbed, many surface reactions can occur, including side 
reactions. The desorption of CO and H2 from the support and the metal respectively are fast 
reaction steps (Figure 2.7.b). Additionally, hydrogen spillover from the metal surface to the 
support is then predicted by most studies, allowing hydrogen to react with adsorbed oxygen 
species and to form hydroxyl groups (Figure 2.7.c).  Whereas oxygen can migrate from the 
support to the metal surface to react with hydrogen-depleted methyl-like CHx species 
forming either CHxO species or direct adsorbed-CO species (Figure 2.7.d) [54]. When 
water is present on the surface it may migrate to the metal-support interface and help the 
formation of intermediate CHxO species [55-57]. Whether the reaction mechanism goes 
through carbonate or formate intermediates is highly dependent on the catalyst 
composition, hence similarly to steam reforming, there is no clear agreement about the 
specific reaction mechanism on the surface of the catalyst. 
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Figure 2.7. Reaction steps for the dry reforming of methane: (a) Dissociative adsorption 
of CH4 and CO2 on the metal and metal-support interface respectively. (b) Fast 
desorption of CO and H2. (c) Formation of surface hydroxyls from hydrogen and oxygen 
spillover. (d) Surface hydroxyls and oxygen species oxidize CHx species forming CHxO 
and formation of CO and H2. Adapted from [54]. 
2.3.4. Catalysts for DRM 
Carbon dioxide is a very stable molecule, almost chemically inert, with a Gibbs free energy 
of -394 kJ mol-1. As a result, the activation of CO2 is particularly difficult and requires high 
energy supply and very active metal catalysts. In addition, in order to achieve complete 
conversions, the reaction needs to take place at high temperatures. However, under such 
conditions, metal supported catalysts are prone to sintering of the metallic phase. Moreover, 
carbon deposition induced by methane decomposition is also favoured. Therefore, DRM 
catalysts are not only required to be highly active, but also selective and highly stable. The 
performance of a catalyst is affected by the nature and particle size of the metal, the 
structure, texture and nature of the support and by the reaction conditions. 
2.3.4.1. Conventional catalysts 
Conventional catalysts for reforming reactions are composed of more than a single 
component in order to tailor highly active, selective and stable catalysts. A metallic active 
phase is typically deposited on a support material forming a supported metal catalyst. The 
support materials are typically inactive on their own but play a major role in the 
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performance of the catalysts. The textural properties of the support can maximise the 
dispersion of the metallic phase by offering large surface area. Their geometry can also be 
adapted to suit specific reactor design, minimising pressure drop and maximizing heat 
transfer. The chemical properties of the support are of acute importance and take part in the 
reaction mechanism (bi-functional mechanism) through their redox, acid/base and 
structural properties. In particular, the metal-support interactions cause an electronic 
influence that strongly affects the stability of the catalyst as well as the reaction mechanism.  
• Noble metal catalysts 
Catalysts composed of noble metals are very active for DRM. They exhibit great carbon 
resistance compared to transition metals due to lower equilibrium constants for methane 
decomposition and reduced dissolution of carbon in their lattices [54]. Rostrup-Nielsen and 
Hansen compared various noble and transition metals supported on MgAl2O4 spinel and 
found the following activity order: Ru > Rh, Ni > Ir > Pt > Pd between 500 and 650 °C, 
while the order for carbon formation was Ni > Pd >>Ir > Pt > Ru, Rh [58]. The Rh and Ru-
based catalysts only presented negligible amount of carbon formation making them ideal 
metals for DRM. 
However, the properties of the support play a major role in the catalyst performance. Wang 
and Ruckenstein compared the activity of a rhodium catalyst based on different kinds of 
oxides supports [59]. The reducible oxides showed very low activity, in particular Nb2O5 
and TiO2. CeO2 and ZrO2 supported catalysts exhibited a very long activation period and 
lower conversions than irreducible oxide based catalysts like MgO, La2O3 and γ-Al2O3 
[59]. Although CeO2 and ZrO2 do not appear to be suitable supports, Ce and Zr containing 
binary and ternary supports were found to be more active, due to an improved oxygen 
mobility and storage capacity as well as an improved dispersion of metal [60]. The capacity 
of a material to store and release oxygen is called oxygen storage capacity (OSC). The 
amount of oxygen available in a material is of paramount importance in DRM since it 
favours the gasification of adsorbed carbon to CO. CeO2 specifically is able to retain its 
fluorite crystal structure even with a large amount of oxygen vacancies in its lattice. The 
Ce3+/Ce4+ redox couple allows for increased oxygen mobility owing to the reversibility of 
the reaction. Hence CeO2 benefits from high OSC and the doping or formation of solid 
solution with ZrO2 for example, distorts the lattice favouring the formation of oxygen 
vacancies and improving the OSC. 
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• Nickel catalysts 
The low availability and price of noble metals have encouraged researchers to improve the 
formulation of transition metal catalysts. Nickel in particular has shown good activity for 
DRM but suffers from severe carbon deposition [61]. As methane adsorption and 
dissociation on the metal is the rate-limiting step, focus is set on metal dispersion and 
stability towards sintering. The sintering of Ni results in the loss of surface area i.e. active 
sites and hence activity. The rule of Tammann suggests that sintering is expected above 
half the melting point of the metal which corresponds to 591 °C for Ni, just under the DRM 
temperature range. However, the growth mechanism of supported crystals is very complex 
and not yet fully understood. The rate of growth seems to be dependent on the wetting of 
the metal on the support as well as the size of the pores [37]. Moreover carbon deposition 
occurs preferably on large metal clusters making Ni dispersion a priority [54]. Nevertheless 
the role of the support alone and its ability to disperse Ni cannot be linearly related to the 
catalytic performance of a catalyst as various phenomena are induced by metal-support 
interactions [62]. 
Different strategies have been applied to tackle sintering and carbon deposition over nickel-
based catalyst. Boldrin et al. recently summarised these strategies, whose applications can 
go beyond DRM and could be extended to the development of carbon resistant solid oxide 
fuel cells anodes [63]. Tuning the acid/base properties of the support, adding promoters to 
Ni, sulphur passivation and the use of bimetallic formulations have been widely 
investigated as approaches to enhance the performance of Ni-based catalysts [63-67]. 
Overall, the metal and promoters used, the nature, redox properties, acid/base features and 
surface area of the support, the metal particle size, and the interactions between the metal 
and support are key to obtaining a good activity/stability balance [4, 61, 68]. However, 
even upon applying these strategies nickel catalysts still show inevitably signs of 
deactivation [69, 70].  
 Ni/Al2O3 is the typical state of the art catalyst for DRM. γ-Alumina is an inexpensive 
material with a high surface area, great thermal stability and the capacity to highly disperse 
nickel [71]. However at high temperatures the formation of NiAl2O4 spinel can affect the 
catalytic performance [72], plus the acidity of alumina limits its CO2 adsorption capacity 
[52]. In fact, CO2 possesses two reaction sites: the carbon atom which is an electrophilic 
centre, mildly acidic according to Lewis, and the oxygen atom which is a nucleophilic 
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centre, weakly basic according to Lewis. Hence to improve CO2 adsorption, the catalyst 
needs to activate both acid and basic centres. 
In order to facilitate CO2 adsorption on acidic alumina, the incorporation of basic sites was 
proposed by adding reducible and basic metal oxides to the support. In addition to enhance 
CO2 activation, this promotion increases the availability of surface oxygen species or 
hydroxyl species thus mitigating the formation of carbonaceous deposits. In particular, 
nickel on alumina promoted with MgO, La2O3, CaO or CeO2 have been studied by 
Charisiou et al. and displayed enhanced activity and stability [73-75]. CeO2, more 
specifically, is well known for its high oxygen storage capacity (OSC) [76]. The oxygen 
vacancies generated by ceria redox mechanisms act as a driving force for CO2 adsorption 
and CO formation [77]. The addition of dopants in CeO2 lattice or solid solutions based on 
Ce have been studied to increase to amount of defect oxygen formed [78]. La2O3 positively 
affect the performance of the catalyst due to two effects. Fist the basicity of La2O3 promotes 
CO2 activation, and leads to the formation of lanthanum oxycarbonate. The latter enhance 
CO2 decomposition to CO and O, increasing the rate of gasification of carbon. Second, the 
formation of NiLa2O4 spinel may hinder sintering and hence coking [79]. The addition of 
alkali and alkali earth metals was also found to inhibit carbon formation due to the increased 
number of surface basic sites. CaO promotion in particular, increased the reaction rate of 
the catalyst due to the enhanced formation of formates and improved the stability [80, 81]. 
MgO as a promoter has been extensively used for reforming reactions, in industrial 
applications [37, 82-84]. More specifically the formation of MgAl2O4 spinel has shown to 
limit Ni sintering and carbon deposition relatively to the NiO-MgO solid solution [63]. 
Finally, K2O was also found to mitigate carbon deposition by increasing the rate of carbon 
gasification. However the high mobility of K and its interaction with Ni gave rise to large 
NiO ensembles thus negatively affecting the activity [63]. 
In addition, bimetallic combinations i.e. Ni-Rh [85, 86], Ni-Ru [87, 88], Ni-Co [89, 90], 
Ni-Sn [91-93] or Ni-Pt [76, 94, 95] have been studied, showing in some cases very 
promising results. This is due to multiple effects arising from the bimetallic interaction: a 
change in the number of active sites (cooperative effects); the sacrificial role played by one 
of the species forming the bimetallic system, thus leaving the second metal free and 
available; and an electronic effect coming from the metal–metal interactions resulting in 
less sensitive materials toward carbon poisoning [63]. Ni-Sn materials have proven to be 
of interest towards reforming reactions. Similarly to carbon, tin contains p electrons in its 
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outer shell close to a stable s-orbital. When carbon is present, the 3d electrons of nickel 
interact with the 2p electrons of carbon to form nickel carbide. The presence of tin would 
favours the interaction of Sn p orbitals with Ni 3d electrons, thereby reducing the chance 
of nickel carbide formation as a coke precursor [96]. However, in large amounts tin inhibits 
reactant conversions [92]. Moreover, the promotion of Ni catalysts with low amounts of 
noble metal is also of interest: a low-cost Ni catalyst would benefit from the C-resistance 
and enhanced activity of a noble metal. Ni-Pt catalysts showed promising results with Pt 
loadings as low as 0.3 wt.%. The introduction of Pt was found to ease the reduction of NiO, 
to better disperse Ni particles and help achieving smaller Ni particles [94, 95]. Ni-Rh 
bimetallic systems may result in formation of surface Ni-Rh alloy, depending on the 
synthesis method. The presence of Rh on Ni surfaces increases the energy barriers of carbon 
diffusion and C-C bond formation. Nevertheless, O diffusion and C-O formation are not 
especially affected thus resulting in carbon deposition mitigation [97]. In the case of 
transition metal, cobalt has shown the best performance. Zhang et. al. ranked the activity 
of bimetallic catalysts based on AlMgOx as Ni-Co > Ni-Mn > Ni-Fe > Ni-Cu. The superior 
activity and coke resistance observed with Co was attributed to the synergetic effect, high 
metallic surface and good dispersion. More specifically, low content of Co led to less 
carbon formation and equal activity [90]. 
2.3.4.2. Structured approaches 
Great efforts are deployed to improve the sintering resistance of transition metal-based 
catalysts. Different strategies have been applied, some aiming to increase the interaction 
strength between the metal and the support while others aimed at confining the particles in 
cavities and shell or tube-shaped structures. The different structured approaches described 
in this chapter are summarised in Figure 2.8. 
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Figure 2.8. Structured catalyst for the dry reforming of methane. 
• Core/yolk shell 
Catalyst design approaches aiming to encapsulate the active metal phase in inorganic 
cavities are showing some promising results in preventing sintering of the active sites [98]. 
Metals or bimetallic nanoparticles encapsulated in oxides with yolk or core shell structures 
have demonstrated promising results [99]. The core/shell type catalyst can be engineered 
in various ways to suit a specific application. The overall architecture of the catalyst 
constitutes a spherical core covered by a shell, called a core-shell catalyst, or a free-floating 
core separated from the shell by a void called yolk-shell catalyst. The compositions of both 
core and shell can be tuned, involving multicomponent. Single core as well as multicore 
can be prepared. Similarly, single-shell, multishell or porous-shell can be designed [100]. 
In the case of dry reforming, the encapsulation of nickel nanoparticles inside porous silica 
or alumina shells has been wildly studied and the shells act as microcapsule-like reactors. 
Various methods exist to prepare core-shell catalysts. The sol-gel method also called Stober 
is widely applied. The micro-emulsion method which allows the formation of small core 
size consists in forming the core and the shell in situ within the micro-emulsion. 
Hydrothermal methods are also employed, which treatment duration can affect the 
thickness of the shells [101]. 
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Zhang et. al. reported the simple and scalable synthesis of a Ni@SiO2 core–shell catalyst 
by growing a silica shell around dispersed NiO nanoparticle by a sol-gel process. The 
catalyst was active for DRM but showed some deactivation due to coke formation. 
Although stabilised in a  capsule structure, the Ni particles were quite large [102]. On the 
other hand, Zhao et. al. described a Ni@SiO2 core-shell catalyst stable for over 1000 hours 
at 800 °C. They used a microemulsion method and managed to uniformly encapsulate 
particles of 5 nm in a 15 nm-thickness SiO2 shell. The original core shell structure was 
maintained throughout the test, preventing Ni to sinter due to the “confinement effect”. In 
addition, NiCo@SiO2 core-shell were produced and outperformed the activity of the 
Ni@SiO2 and Co@SiO2 catalysts [103]. Tang et. al. synthesised Ni@CeO2 core-shell 
catalyst with different shell thickness and diameter. The ceria based catalyst was subjected 
to less deactivation than the equivalent silica based catalyst emphasising that CeO2 can 
provide more lattice oxygen atoms and vacancies to mitigate carbon deposition [104]. 
Yolk-shell catalysts need to be synthesised using a template. Different methods are 
employed: hard-templating, soft-templating and self-templating. In the hard-templating 
method, the sacrificial template between the core and the shell is a rigid material, easily 
coated on the core and easily removable by calcination or etching, like carbon, a polymer 
or a metal oxide. the soft-templating technique uses vesicles of surfactant, while the self-
templating method relies on the Kirkendall effect and Oswald ripening [101]. 
Li et. al. synthesised Ni@SiO2 yolk-shell catalysts with different shell thicknesses for 
DRM. When shell thickness exceeded 5.7 nm a yolk-satellite-shell structured Ni-
yolk@Ni@SiO2 was formed. The yolk-satellite-shell with 11.2 nm shell thickness 
performed better than the 3.3 nm thick shell Ni@SiO2 yolk-shell and no carbon was formed 
after a 90 hours test [98]. NiCe@m-SiO2 were prepared by Zhao et. al. and exhibited greater 
stability for DRM than unencapsulated catalysts due the confinement effect. The CeO2 was 
successfully incorporated into the shells and acted as a key factor in improving the catalytic 
performance and suppressing the carbon deposition [105]. Lu et. al. used a different 
strategy and created yolk shell catalysts where the nickel particles were dispersed on the 
inner side of the hollow silica sphere (HSS). The Ni@HSS catalyst maintained a particle 
size of 8 nm after a 55 hours test. Strong interactions between Ni and silica were formed 
and the one pot synthesis method used contributed to the great performance of the catalyst 
[106]. 
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However, such structured catalysts require a tedious synthesis process involving a 
multitude of expensive surfactants and toxic organic solvents, which is not economical, 
scalable and presents environmental implications. 
• Sandwiched catalyst 
A new method to increase metal-support interactions and hence prevent sintering is the 
double protection of Ni particles in a sandwich-like configuration. In this configuration, a 
protective overcoat is applied on top of supported nanoparticles. The additional interactions 
induced by the over-coat enhance the stabilisation of nanoparticles providing a confinement 
effect. The porosity of the over-coat however is essential to allow the reactive molecules to 
diffuse to the metal particle. Zhao et.al. reported for the first time in 2018 a novel 
Al2O3/Ni/Al2O3 sandwich catalyst for DRM. The catalyst consists in a Ni impregnated on 
γ-alumina catalyst, upon which a thin layer of porous alumina was deposited by means of 
atomic layer deposition (ALD). In this way, the Ni nanoparticles benefited from double 
strong interactions between Ni and alumina. The porous alumina film allowed the reactants 
to penetrate and interact with the Ni particles, resulting in high conversion for a long term 
400 hours test. The carbon deposition was very limited thus proving the metal 
agglomeration control [107].  
ALD is a multi-step gas phase chemical process that allows the application of a protective 
over-coat on a supported catalyst. Several researchers applied this method to stabilised 
nanoparticles. Ma et. al. managed to stabilise nanoparticles of 5 nm of gold on TiO2 by 
using ALD SiO2 overcoats [108]. Feng et. al. reported that the ALD alumina protective 
layer inhibited the sintering of supported 2 nm Pd nanoparticles for the decomposition of 
methanol reaction [109]. The stabilisation and protection of Ni particles was investigated 
in Qin’s group for hydrogenation reactions. Following a multi-confinement strategy, the 
researchers coated Ni particles inside alumina nanotubes, using carbon nanotubes (CNT) 
as template. The protection of Ni by this alumina overlayer led to increased conversion, 
although thin coated catalysts underwent leaching and detachment [110]. Work from the 
same group involved the synthesis of a porous TiO2/Pt/TiO2 sandwich catalyst for the semi 
hydrogenation of alkyne to olefin. They ascribed the high selectivity of the catalyst to the 
electron-rich features of the increased Pt-TiO2 interface sites [111]. Hexagonal boron 
nitride (h-BN) has generated interest in catalysis since it is a 2D material with oxidative 
resistance, and thermal stability. Cao et. al. took advantage of the 2D surface of h-BN to 
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deposit Ni and grow mesoporous silica shells on the produced material to prevent Ni 
aggregation. The h-BN supported mesoSiO2-confined Ni catalyst was very stable for 100 
hours and benefited from the coke resistance of h-BN, the confinement effect of mesoSiO2, 
the strong metal-support interactions and the synergistic effects of the nanoparticles of Ni 
and h-BN interface to activate the reactants. Especially B-OH intermediate species are 
formed and participate in the reaction mechanism [112]. Hence there are a lot of 
opportunities using confinement strategies for the stabilisation of nanoparticles, in 
particular for the dry reforming of methane. 
On the different note, several researchers have reported sandwich-like core shell catalysts. 
For instance, Bian et. al. prepared a sandwich‐like silica@Ni@silica multicore–shell 
catalyst. Ni phyllosilicate supported on silica spheres constituted the core, as a silica layer 
was coated on top. Different shell thicknesses were investigated, and thicker shells showed 
reduced performance due to greater diffusion resistance. The catalysts were relatively 
stable for 24 hours during low temperature DRM although some carbon deposition was 
witnessed. DRIFTS experiments showed that the confinement effect within the silica shell 
inhibits linear CO adsorption and, thereby, reduces carbon formation from the Boudouard 
reaction [113]. Das et. al. from the same group, prepared using a similar method a Ni-
SiO2@CeO2 sandwich catalyst were nickel particles were encapsulated between silica and 
ceria. The ceria shell participated in the mitigation of carbon formation but promoted the 
RWGS reaction [114]. Dou et. al. investigated sandwiched SiO2@Ni@ZrO2 where nickel 
doped silica spheres were prepared via so-gel method and coated with porous zirconia shell. 
The porous ZrO2 shell induced the uniform dispersion and stabilization of 6 nm Ni 
nanoparticles, as without ZrO2 coating, large Ni particles of 33 nm were formed on the 
surface of silica spheres. The catalyst exhibited great carbon resistance and was active for 
150 hours with little deactivation [115]. 
• Tubular shape catalyst 
Still with the aim of confining nanoparticles, some researchers attempted with more or less 
success to insert metallic nanoparticles inside tubular shaped materials. Coelho et. al. 
prepared titanate nanotubes using a hydrothermal method, Ni and Co were inserted in the 
tubes by ion exchange. The Co catalyst deactivated heavily due to carbonaceous deposit 
while the Ni catalyst showed some activity for 5 hours. Metal trititanates NiTiO3 formed 
during the reaction, questioning the stability of the catalyst  [116]. Monteiro et. al. produced 
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protonated titanate nanotubes and sodium rich titanate nanotubes, coated them in Ni and 
tested them for DRM. The sodium containing catalyst had a reduced activity compared 
with the protonated catalyst, however no coke was formed during the 5-hour test. On the 
other hand, the treated titanate nanotubes contained more than 20% coke [117]. Overall the 
use of titanate nanotubes does not appear to be viable for the dry reforming of methane and 
additional research focusing on the stability of such materials is needed. 
Mesoporous silica materials have been widely used in catalysis and come in multiple 
shapes. Confining nanoparticle in the cavities of 3D or 1D silica materials has been studied 
multiple times due to the increased metal support interaction and sintering inhibition effect. 
Li et. al. built 1D nanotubes of silica containing nanoparticles of Ni dispersed on the inner 
side on the tubes. To reach this structure, they produced Ni phyllosilicates nanotubes on 
which they coated SiO2 and obtained the catalyst upon reduction. The produced catalyst 
exhibited high activity towards DRM but was subjected to deactivation after 20 hours. 
Strong interactions between Ni and the SiO2 shell as well as the confinement effect 
prevented the sintering of Ni nanoparticles. However, carbon deposition still occurred with 
the formation of 13.4% carbon deposit [118]. Zhang et. al. embedded Ni nanoparticles in 
the channels of aluminium-modified SBA-15 AlSBA-15 using ethylene glycol as delivery 
conveyor. Nanoparticles of 3.4 nm were formed are resisted sintering, with size down to 
4.1nm after reaction. The catalyst was relatively stable for 20 hours and maintained its peas 
in a pod structure [119]. 
Another approach is the encapsulation of particles within carbon nanotubes. Gao et. al. 
successfully encapsulated Mo2C particles promoted with Ni and Co within carbon 
nanotubes. Although the Mo2C catalyst deactivated in 24 hours due to oxidation, the Ni 
and Co promoted Mo2C catalysts were stable for 50 hours [120]. However, the use of 
carbon nanotubes for a reaction such as dry reforming is not recommended due to the 
enhanced risk of carbon nanotube growth and blockage of the reactor. 
• Hydrotalcite  
Hydrotalcite type compounds (HT) have the general formula [M2+1-xM
3+
x(OH)2]
x+ (An- 
x/n)·mH2O, where M2+ and M3+ are metal cations such as Mg2+ and Al3+ and An- is an 
interlayer anion such as carbonate. HT materials have a unique layered structure where the 
2+ and 3+ metal cations are randomly distributed. The layers are composed of octahedral 
units where the cations are in the centre of six OH- groups. The octahedral units are 
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connected by the edges thus forming parallel layers [121]. Therefore, Ni ions can be 
carefully dispersed in the layered structure benefiting from the insulation of Mg and Al 
ions, minimizing nickel aggregation [122, 123]. The nature and relative proportion of 
cations and interlayer anions allow to tailor the redox and acid/base properties of the 
material. After thermal treatment, the dispersion of the cations in the different layers is 
maintained generating stabilised metallic particles [124]. 
The catalytic activity of HT derived materials is dependent on their Mg/Al molar ratio. 
High concentration of Mg leads to enhanced activity along with higher resistance to coke 
relative to Al-rich samples but leads to the formation of MgNiO2. On the other hand, 
equimolar proportion appears to be the optimum ratio for the formation of hydrotalcite and 
the performance of the catalyst [125]. The Ni content of the materials expressed as Ni/Mg 
or Ni/Al ratio also has an important impact on the activity. Overall increasing Ni content 
leads to increased conversions however, Ni particle size increases subsequently thus 
promoting carbon formation [126]. Different promoters can be introduced into Ni/Mg/Al 
hydrotalcite-derived mixed oxides, in particular Ce-promoted HT catalysts benefit from the 
coke mitigation effect of ceria at low loadings, as well as increased Ni reducibility [127, 
128]. Other promoters like Co, Rh, Ru and La have been investigated and resulted in 
increased stability [121]. 
• Hexaaluminate 
Hexaaluminate materials are hexagonal aluminate of general formula ABxAl12-
xO19−δ where A is a large cation, mono, di or trivalent such as La, Ca, Ba, Sr or Na and B a 
transition metal or a noble metal which can substitute Al crystallographic sites. They are 
organised in layers composed of spinel blocks of Al3+ and O2- ions separated by a mirror 
plane where the A cation resides. Their high thermal stability, resistance to sintering and 
layered structure makes them suitable for high temperature catalytic reactions. Substitution 
of Ni into the lattice of hexaaluminates is a strategy to limit agglomeration of large nickel 
clusters at high temperature. Moreover, the metal’s strong interaction with the support and 
high dispersion should reduce carbon deposition. The variety of cations and transition 
metals that may compose the hexaaluminate provides a lot of flexibility in the design of 
catalysts [129]. The amount of Nickel substituted in the lattice has an important effect on 
the activity, nevertheless, the more nickel is introduced, the more carbon is formed [130, 
131]. The reducibility of the hexaaluminate depends on the size of the cation as the larger 
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the ionic radius, the lesser the reduction temperature [132]. Xu et. al. investigated the 
influence of the nature of cation on the catalytic activity for DRM. Although all tested 
catalysts were stable, the performance of the catalysts was rated in the following order: 
LaNiAl11O19−δ > BaNiAl11O19−δ > SrNiAl11O19−δ > CaNiAl11O19−δ. Different additives were 
added to improve further the La-based hexaaluminate. Substitution of La by cations such 
as Ca, Pr and Ce increased the activity of the catalyst [133-135]. The addition of Pr 
improved the dispersion of nickel. It also enhanced the electronic interaction between La 
and Ni ions which maintained Ni at a lower valence hence promoting the activation of CH4. 
Additionally, upon Pr substitution more Ni ions were located in the octahedral sites, which 
were easily reduced to metallic Ni [133].  In particular La0.8Pr0.2NiAl11O19 showed stable 
conversions for 300 hours, however particle agglomeration and carbon nanotube formation 
were detected [136]. 
• Perovskite 
Perovskites and perovskite-type materials have the general formula ABO3 and A2BO4 
respectively, where A is a large cation (rare earth, alkaline earth) and B a smaller cation 
(transition metal). The partial substitution of A and B ions with other ions is also possible 
in this type of compounds, thus allowing to adjust their thermal stability and catalytic 
performance [137]. The most commonly studied perovskite is LaNiO3, which upon 
reduction treatment decomposes to well dispersed Ni particles supported on lanthanum 
oxide [138]. The reduction pre-treatment has an impact on the size of the formed particles 
as well as the activity. Reduction of the catalyst prior DRM results in larger Ni clusters and 
reduced activity. The introduction of the reactant and room temperature prior heating also 
resulted in smaller clusters. Moreover, the RWGS is more favoured on pre-reduced samples 
[139]. The LaNiO3 perovskite is very active for DRM sometimes up to 100 hours, however 
its shape and synthesis method strongly affect its performance. Cube, sphere and rod shapes 
were investigated and showed very different behaviour. The cubing shape presented the 
highest conversion whereas it enhanced coke deposition. The remarkable stability of the 
spheres and rods, on the other hand,  is explained by the small size and high stability of the 
exsolved Ni crystals brought out by the 3-step reduction pathway [140]. In any case, the 
formation of lanthanum oxycarbonate is inevitable, due to the activation of CO2 on La2O3. 
The partial substitution of various elements (Ce, Ca, Sr, Sm, Nd) in the A site or other 
metals (Ru, Co) in the B site allows to ensure small metal crystallites and high oxygen 
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mobility in the metal oxide [137, 141-144]. The substitution of La by Ce or Pr even in small 
proportions prevents carbon formation and hence leads to superior activity. The RWGS 
reaction however is favoured on Ce enriched surface [54]. The degree of substitution plays 
also a major role, as small amounts of Sr increase carbon deposition in the form of filaments 
but higher amounts tend to suppress coking and increase CO2 consumption and CO 
formation [145].  
Although lanthanum based perovskite are widely studied other perovskite have shown 
impressive performance. Dama et. al. reported alkaline earth-based MZr1-xNixO3-δ 
perovskites for DRM. Sr and Ba based materials deactivated rapidly due to the growth of 
graphitic carbon as well as the formation of nickel carbide. CaZr0.8Ni0.2O3-δ, on the other 
hand was found stable for 500 hours. The superior activity of this material was related to 
its higher oxygen defect sites, stronger metal support interaction and surface hydroxyl 
groups controlling carbon formation [141]. Evans et. al. developed a Ni0.2Sr0.8ZrO3 catalyst 
for biogas reforming. Although performing under excess methane, carbon deposition was 
contained to 3 mg of carbon after 25 days of test [143]. 
• Pyrochlore 
Pyrochlores are mixed oxides of general formula A2B2O7. The A-site typically represents 
a large rare-earth trivalent metal such as La and a tetravalent transition metal of smaller 
diameter such as Zr occupies the B-site. They are highly crystalline and thermally stable 
materials with great oxygen mobility [146]. Hence pyrochlores have been used in various 
reforming reactions.  
For instance, Wang’s group studied Ni/Ln2Zr2O7, Ni/La2Zr2O7 and Ni/La2Sn2O7 for 
methane steam reforming and emphasized the influence of the A-site and B-site cations on 
the structure of the pyrochlore and therefore on its catalytic performance. In particular, 
Y2Zr2O7 and La2Zr2O7 showed the best performance and carbon resistance [146-148]. 
Kieffer et al. studied the hydrogenation of CO and CO2 towards methanol using a 
Cu/La2Zr2O7 catalyst and highlighted its coke resistance [149]. These studies were carried 
out using pyrochlores as a support for the active phase, as they are typically inactive as bulk 
materials.  
However, with the aim of stabilising metals in a crystal structure, metal substituted 
pyrochlores have been investigated. Weng et al. previously reported the high activity and 
stability of La2Ce2-xRuxO7 for the autothermal steam reforming of ethanol [150] and 
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La2Ce2−xNixO7−δ  for the oxidative steam reforming of ethanol [151]. The metal substituted 
pyrochlores were prepared by a sol-gel method and subsequently impregnated on a large 
surface area γ-alumina support. Metals were successfully doped in the pyrochlore structure 
up to a critical amount and high catalytic activity was observed. However, upon reaction, 
some deactivation was witnessed and the pyrochlore was found to react with the support to 
form LaAlO3. Moreover, the nickel doped catalyst showed great deactivation after 70 hours 
of reaction. In addition to the formation of small nanoparticles of  Ni, the authors claim that 
the substitution of Ni not only induced the formation of Ce3+ and oxygen vacancies, but 
also caused unit cell expansion [151]. 
Spivey’s group extensively studied the catalytic activity of Rh, Ru, Pt and Ni doped 
La2Zr2O7 pyrochlore catalyst for DRM [152-156]. Small amounts of active metal were 
substituted in the B-site of the lanthanum zirconate pyrochlore and the noble metal-based 
catalysts were found to be very active and stable even at low temperature when carbon 
deposition is favoured. The Ni doped catalyst (1 wt.% Ni) however displayed poor activity 
and deactivated quickly due to the deposition of polymeric carbon and carbon whiskers 
[157].  
2.4. Conclusions 
Rising anthropogenic CO2 emissions stimulated the establishment of global targets and 
local regulations to limit global warming to 2 °C. Reduction in greenhouse gas emissions, 
energy production from renewables and the improvement of energy efficiency are 
imperative to reach this target. It is crucial to redirect the global focus from fossil fuels to 
renewable energy sources and to develop CCS and CCU technologies. Vast volumes of 
CO2 are available in point locations such as power plants and industries and are ideal source 
for carbon capture. Remarkable developments have been made in carbon capture 
technologies which opens numerous opportunities for CCU. A variety of commodity 
chemicals are obtainable directly from CO2. However, in the short term 7% of the emitted 
CO2 is estimated to be converted into chemicals. Major developments are still needed to 
mitigate CO2 emissions. In particular, the selectivity and activity of catalysts need to be 
improved. Chemical conversion of CO2 is very energy demanding and a lot of improvement 
are needed from the chemical and process side to increase the energy efficiency. 
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It is clear that CO2 reforming reactions constitute a promising route for direct CO2 
utilisation. Reforming reactions in general and DRM in particular have regained attention 
from the catalysis community due their great potential to upgrade CO2/CH4 streams (i.e. 
biogas mixtures). The development of robust catalysts able to overcome sintering and 
coking is key to facilitate the implementation of this technology in commercial units for 
CO2 recycling applications. In response to these needs, new engineered catalysts are under 
development using multiple strategies such as multicomponent materials using promoters, 
stabilisation of Ni in inorganic complex structures, layer confinement strategies or core-
shell/yolk-shell configurations.  
In this scenario, there is a big avenue of research to improve the formulation of Ni-based 
catalysts. Under these premises, the next chapter focuses on the stabilisation of Ni in an 
inorganic mixed oxide structure as an economically viable catalyst for gas phase CO2 
upgrading. 
 
  
 39 
 
Chapter 3. 
 
Synthesis of doped pyrochlores 
 
 
3.1. Introduction 
Pyrochlores are mixed oxides of general formula A2B2O7. The A-site typically represents 
a large rare-earth trivalent cation such as La and a tetravalent transition metal of smaller 
diameter such as Zr occupies the B-site. However different oxidation state combinations 
also exist: A+/B6+, A2+/B5+ and A3+/B4+. Due to its particular crystal structure, the 
pyrochlore formula may be written A2B2O6O’. Most pyrochlores crystallise in the cubic 
Fd3m space group and have eight formula units per unit cell. Figure 3.1. represents the unit 
cell of a cubic pyrochlore and designates the Wyckoff positions. The A3+ cation occupies 
the 16d position, B4+ the 16c site and oxygen occupies the two anion sites 48f (O) and 8b 
(O’). The A cation is coordinated by 8 oxygen atoms, six located at the 48f site and two 
from the 8b site whereas the B cation is coordinated by 6 oxygen atoms from the 48f 
position. The pyrochlore structure is a superstructure of fluorite (MO2, Fm3m) in which the 
8a sites are vacant and there is an ordering of the two cations. These vacant sites cause the 
neighbouring anions to relax from their ideal fluorite positions, thus forming a 
superstructure [158]. The lattice parameter of a pyrochlore is about twice that of a fluorite. 
Under certain conditions, usually induced by high temperature, the pyrochlore may become 
disordered as the 8a sites may become partially occupied. The pyrochlore to defect fluorite 
transition occurs due to the disordering of anions and cations simultaneously. This phase 
transition may also be induced by chemical substitution. The crystallisation of the cations 
in the pyrochlore structure is dependent on their sizes and charges. The ratio between A 
and B ionic radii should be in the range of 1.46-1.78 to crystallise in an ordered cubic 
pyrochlore. Above 1.78, the mixed oxide is likely to form a monoclinic perovskite whereas 
Chapter 3 – Synthesis of doped pyrochlores 
40 
 
below 1.46 it will produce a defective fluorite. If the ratio decreases below 1.17, a solid 
solution is to be expected [146, 159]. 
  
Figure 3.1. Unit cell of cubic pyrochlore. 
Pyrochlore materials exhibit high chemical and thermal stability and benefit from high 
oxygen mobility [147]. Depending on their composition they may express magnetism, 
electrical, dielectrical, or catalytical behaviour [160]. More specifically, they find 
applications in radioactive waste disposal, as thermal barrier coatings and as electrolyte in 
Solid Oxide Fuel Cells (SOFC).  
From a catalytic perspective, pyrochlores show some valuable properties. Since the dry 
reforming reaction occurs at temperatures above 600 °C, high thermal stability is required 
as well as structural stability. The oxygen conductivity within the pyrochlore, induced by 
the vacant 8a anion site, is also of great interest for the removal of carbonaceous species 
formed during the reaction [146]. Various studies have been performed using pyrochlore 
as a support for high temperature catalytic reactions [146-149]. Mobile active oxygen 
species have been found to be formed on the surface of pyrochlores with a higher degree 
of disorder [159]. However, although pyrochlores exhibit great properties for catalytic 
reactions, they are limited by their low surface area, thus restraining their use as support.   
An alternative approach is to stabilise the active metal inside the structure of the pyrochlore. 
In doing so, the metal would be immobilised in a structure, thus preventing sintering. The 
challenge however is for the metal to remain active and accessible in such a structure. 
Ashcroft et. al. first investigated Ln2Ru2O7 (Ln = Nd, Sm, Eu, Gd, Tb, Yb) pyrochlores for 
DRM. They witnessed high activity towards syngas production but full decomposition of 
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the pyrochlore structure to metal supported on oxides [161]. Haynes et. al. proceeded with 
the substitution of Ru and Rh in the B site of a La2Zr2O7 pyrochlore for the partial oxidation 
of fuel. The samples showed high activity despite the low amount of noble metal substituted 
and did not decompose during reaction [162, 163]. Under those premises, Gaur et. al. and 
Pakhare et. al. studied the effect of metal substituted in La2Zr2O7 for DRM. Pt, Ru, Rh and 
Ni were partially substituted in the Zr site [152-156]. Pt, Ru and Rh based pyrochlores 
showed stable activity for DRM but the Ni based pyrochlore showed severe deactivation 
due to the deposition of polymeric carbon and carbon whiskers [157]. Noble metal-based 
catalysts were found to be very active and stable even at low temperature when carbon 
deposition is favoured. However, the quantity of metal introduced is of great relevance 
since the formation of a separate LaRhO3 perovskite phase was observed upon introduction 
of over 2 wt.% of Rh [153]. 
However, the high cost and low availability of noble metals is shifting investigation 
towards transition metals like Ni. The development of a robust and cost-effective catalyst 
for DRM is of great relevance. With the aim of competing with the high activity and 
stability of noble metal-based pyrochlores, the development of active Ni based pyrochlore 
catalysts is the objective of this thesis. The Ni based pyrochlore designed by Gaur et. al. 
was only containing 1 wt.% Ni whereas the other noble based catalyst contained between 
2 and 5 wt.% active metal [156]. Under these premises, the catalysts structures and 
compositions were optimised by tuning the Ni loading. The present chapter focuses on the 
synthesis and characterisation of Ni-substituted lanthanum zirconate pyrochlores. 
Specifically, 2, 5 and 10 wt.% Ni is substituted on the B-site of the La2Zr2O7 pyrochlore, 
leading to a new generation of highly active and robust catalysts for CO2 conversion.  
3.2. Experimental 
3.2.1. Catalysts synthesis  
Combustion synthesis is a simple, economically viable and broadly used technique for the 
preparation of nanomaterials. The process involves the reaction of oxidisers such as metal 
nitrates and a fuel like citric acid. It is based on the principle that an exothermic reaction is 
initiated under heating and undergoes self-sustained propagation. It is known to yield 
nanosized materials and homogeneous doping in a single step [164]. Fang et. al. reported 
the effect of the synthesis method of pyrochlores on the catalytic activity for steam 
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reforming of methane. When compared to a hydrothermal method and a coprecipitation 
method, the combustion method showed the most promising results. Ni particles were 
smaller and had stronger interactions with the pyrochlore despite showing smaller surface 
area. In addition, carbon deposits were reduced on the pyrochlore prepared by combustion 
[147]. 
Hence, the catalysts were prepared using a modified citrate method [165]. Lanthanum 
nitrate [La(NO3)3·6H2O, 99.99%], nickel nitrate [Ni(NO3)2·6H2O, 99.999%], and zirconyl 
nitrate [ZrO(NO3)2·6H2O, 99%], provided by Sigma-Aldrich, were used as precursors. The 
necessary amount of each precursor was dissolved in deionized water to form 1 mol L-1 
solutions, and subsequently mixed together. A citric acid monohydrate (CA, >99%, Sigma-
Aldrich) 1M solution was prepared with deionised water and added to the metal solution to 
reach a CA: metal molar ratio of 0.6:1. The solution was stirred for 2 h, concentrated in a 
rotary evaporator and dried overnight at 110 °C. The resulting mixture was allowed to 
combust in a high-pressure Parr reactor at 200 °C and then calcined at 1000 °C for 8 h using 
a 5 °C min-1 heating ramp. For simplicity the 0, 2, 5 and 10 wt.% Ni loaded catalysts will 
henceforth be referred to as LZ, LNZ2, LNZ5 and LNZ10 respectively. 
3.2.2. Catalysts characterisation 
• X-ray fluorescence 
X-ray fluorescence (XRF) is a non-destructive analytical technique used to determine the 
elemental composition of materials. The sample is excited by high-energy X-rays 
provoking the removal of an electron from the atoms inner orbital shell. To regain stability, 
an electron from one of the outer higher energy orbital shells drops to fill the vacancy 
created. A fluorescent X-ray is released during this process and its energy is equal to the 
energy difference between the two orbitals involved. In a given element the energy 
difference between two specific orbital shells is characteristic of that element and is always 
the same. Therefore, the detection and measurement of this fluorescence X-ray allows the 
characterisation of the elemental composition of the material. 
Based on this principle, XRF is a powerful tool for both qualitative and quantitative analysis 
of the chemical composition of catalytic samples. In this study, the chemical composition 
of the materials was determined by XRF in an EDAX Eagle III spectrophotometer with a 
rhodium source of radiation working at 40 kV at the University of Sevilla, Spain. 
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• Thermogravimetric analysis  
Thermogravimetric analysis (TGA) is a thermal analysis method where the mass of a 
sample is recorded when subjected to changes in temperature. This allows to study phase 
transition phenomena as well as gas adsorption/desorption, absorption, redox phenomena 
or thermal decomposition. 
TGA was performed on the pre-calcined powder in a TGA Q500 V6 from TA Instruments. 
The sample was ramped from room temperature to 900 °C at a rate of 10 °C min-1. 
Experiments were conducted in 60 mL min-1 of either Air or N2. 
• Temperature programmed decomposition 
Temperature programmed decomposition is a thermal analysis method where the gases 
released from a sample when subjected to changes in temperature are recorded. This allows 
to study the thermal decomposition of a sample as well as the impact of the decomposition 
atmosphere. 
Here, temperature programmed decomposition was performed on the pre-combustion 
powder in a tubular quartz reactor under a flow of 30 mL min-1 of Argon. The sample was 
heated from room temperature to 900 °C with a heating rate of 10 °C min-1. Mass to charge 
ratio (m/z) of 18, 28, 30, 44, 46 and 62 corresponding to H2O, CO, NO, CO2, NO2 and NO3
- 
respectively, were monitored using an on-line mass spectrometer (Pfeiffer, OmniStar GSD 
320).  
• Textural properties 
The porous structure of a solid is characterized by the following main properties: 
- Specific surface area (m2 g-1): represents the accessible surface of the material to an 
adsorbate per mass unit. This property corresponds to the sum of the inner surface of the 
pores plus the outer surface of the grains. 
- Pore volume (cm3 g-1): represents the inner and outer granular volume. 
- Average pore size (Å): calculated as the ratio of the pore volume and the specific surface 
area and normalized using a coefficient that depends on the pores shape. 
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Nitrogen adsorption-desorption measurements consists of adsorbing and then desorbing 
nitrogen, a probe gas, on the surface of a sample. Since the atoms at the surface of a sample 
are not completely bound like bulk atoms would be, they are more reactive. With the aim 
of lowering the surface energy, surface atoms attract gas molecules through van der Waals 
interactions and balance the atomic forces. Experimentally, nitrogen is dosed by increments 
on the sample at -196 °C and controlled pressure. The physisorption process takes place in 
three stages. First, isolated sites on the surface begin to adsorb N2 at low pressures and as 
pressure increases a monolayer of one molecule thickness is formed. Further increasing the 
pressure leads to multilayer adsorption which allows the determination of the specific 
surface area through the BET (Brunauer, Emmet, and Teller) equation. Finally, at higher 
gas pressures, all the pores are filled, and capillary condensation may occur. At this stage, 
the total pore volume, pore diameter and distribution can be estimated with the BHJ theory 
(Barrett, Joyner, and Halenda). Pressure is then incrementally decreased to desorb all 
adsorbed molecules. The adsorption and desorption isotherms may defer causing a 
hysteresis loop due to capillary condensation. Condensed molecules have a low energy 
state and require higher chemical potential to desorb. 
The textural properties of the supports were characterised by nitrogen adsorption-
desorption measurements at -196 °C in an AUTOSORB-6 fully automated manometric 
equipment. The samples were out-gassed under vacuum at 250 °C for 8 h before each 
measurement. The BET equation was applied to estimate the specific surface area.  
• X-ray powder diffraction 
X-ray powder diffraction (XRD) is a technique primarily used to determine the phases in a 
crystalline material. A crystalline sample exposed to a monochromatic X-ray will cause 
constructive interference to occur that can satisfy Bragg’s Law, which relates the 
wavelength of the incident electromagnetic radiation λ to the diffraction angle θ and lattice 
spacing d: 
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 
The diffracted X-rays are measured through a full range of incident angles which allows to 
cover all the diffraction directions of the lattice possible. Information regarding crystalline 
phases, unit cell type, dimensions and crystallite size of sample can be obtained by this 
method. 
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XRD analysis was undertaken using a PANalytical X’Pert Powder. The samples were 
analysed after calcination and reduced ex-situ in a fixed bed quartz reactor under a 10 vol.% 
H2/N2 gas flow for 1 hour at various temperatures. The diffraction patterns were recorded 
with Cu K (30 mA, 40 kV) over a 2θ range of 10 to 90°, a position sensitive detector using 
a step size of 0.05° and a step time of 450 s. The powder XRD patterns were further 
processed using the accompanying software for the equipment, X’PertHighscore Plus. 
• Raman spectroscopy 
Raman spectroscopy is a light scattering technique that can give information on the crystal 
structure of a material. A laser irradiates the sample, generating an infinitesimal amount of 
Raman scattered light which is detected by a CCD camera. Most of the light scatters off 
without any change in energy and is referred as Rayleigh scattering. In the case of Raman 
scattering, photons excite the sample, putting molecules in a virtual energy state before 
emitting photons. This phenomenon changes the rotational or vibrational state of the 
molecule. In the case of inelastic scattering, the difference in energy between the incident 
and emitted photon causes a shift frequency called Stokes or anti-Stokes shift. The Raman 
shift is due to a change in the molecule polarizability during the movement. The molecular 
vibrations in the sample allow the identification of substances and to evaluate local 
crystallinity, orientation and stress.  
Raman spectroscopy measurements were performed on a Thermo Scientific DXR Raman 
Microscope using a green laser (λ = 532 nm, maximum power 10 mW) with a spot diameter 
of 0.7 µm and a pinhole aperture of 50 µm. A diffraction grating of 900 grooves mm-1, a 
CCD detector and a 50× objective were used. Spectra were recorded using an acquisition 
time of 2 s and 40 scans. 
• Temperature-programmed reduction 
Temperature-programmed reduction (TPR) with H2 is a technique used to study the redox 
behaviour of a material. In a typical experiment the solid is exposed to a reductive gas 
mixture while the temperature is increased following a temperature program. The most 
commonly used reductive gas is hydrogen. The hydrogen concentration is monitored over 
time and allow to determine when hydrogen is consumed by the sample. Such information 
allows to postulate on the oxidation state of the reducible species present, their size and 
their interaction with the support or other species.  
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TPR with H2 experiments were carried out on the calcined catalysts in a U-shaped quartz 
reactor using a 5 vol.% H2/He gas flow of 50 mL min
-1, with a heating rate of 10 °C min-1. 
Samples were treated with flowing He at 150 °C for 1 h before the TPR run. Hydrogen 
consumption was monitored using an on-line mass spectrometer (Pfeiffer, OmniStar GSD 
301). 
Redox cycling experiments consisted in two consecutive H2-TPR experiments separated by 
a Temperature-programmed oxidation (TPO) cycle. The experiment took place in a locally 
built fixed bed quartz reactor. The sample was pre-treated in Ar at 200 °C for 1 h prior the 
first TPR run. TPR cycles were performed from room temperature to 900 °C using a 10 
vol.% H2/Ar gas flow of 50 mL min
-1 and a heating rate of 10 °C min-1. The TPO cycle was 
performed using the same temperature program, under a 50 mL min-1 flow of 3 vol.% 
O2/Ar. Hydrogen consumption was monitored using an on-line mass spectrometer (Pfeiffer, 
OmniStar GSD 320). 
• Temperature-programmed desorption 
Temperature-programmed desorption (TPD) is a characterisation technique consisting of 
monitoring desorbed molecules from a surface as temperature increases. When a molecule 
contacts a surface, it tends to form a bond in order to minimise its energy. Following an 
input of energy such as temperature, the molecule will desorb. CO2 is mildly acidic and is 
often used as probe molecule for basic sites.  
CO2-TPD took place in a locally built fixed bed quartz reactor coupled with a Pfeiffer 
Vacuum OmniStar GSD 320 mass spectrometer. The experiment was performed on the 
calcined catalysts. First, samples were treated with flowing Ar at 200 °C for 1 h, then CO2 
was adsorbed on the sample by flowing 10 vol.% CO2/Ar at 50 °C for 1 h. After purging 
the reactor with Ar, the temperature was risen to 900 °C at a heating rate of 10 °C min-1 
under 50 mL min-1 of Ar. The mass to charge ratio (m/z) of 44 corresponding to CO2 was 
recorded. 
• Temperature-programmed surface reaction 
Temperature-programmed surface reaction (TPSR) is a technique used to study surface 
reactions and molecular adsorption while using temperature to discriminate between 
processes with different activation parameters. In particular, TPSR with CH4 allows the 
study of the activation of methane on a catalyst, as well as the lattice oxygen conductivity 
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of a sample. CH4 is known to dissociate on active metal sites or on surface oxygen forming 
surface carbon and hydrogen. Although during the DRM reaction, CO2 is used as oxidant 
to gasify the surface carbon into CO, during CH4-TPSR no oxidant is introduced. 
Therefore, the formation of CO or CO2 is solely due to the lattice oxygen available.  
CH4-TPSR took place in a locally built fixed bed quartz reactor coupled with a Pfeiffer 
Vacuum OmniStar GSD 320 mass spectrometer. The experiment was performed on the 
catalysts reduced in-situ at 700 °C for 1 h. The temperature was risen to 900 °C at a heating 
rate of 10 °C min-1 and maintained for 30 min. A flow of 10 vol.% CH4/Ar was passed 
through the reactor and mass to charge ratio (m/z) of 2, 15, 18, 28 and 44 corresponding to 
H2, CH4, H2O, CO and CO2 respectively, were recorded. 
• Scanning Electron Microscopy coupled with Energy-Dispersive X-Ray 
Spectroscopy  
Scanning electron microscopy (SEM) is a technique used to observe the external 
morphology of a sample. A beam of high-energy electrons is focused on the material and 
interacts with it, creating a variety of signals. When electrons hit the solid material, X-rays 
and different kinds of electrons are emitted: primary backscattered electrons, secondary 
electrons and Auger electrons. The backscatter electrons and the secondary electrons are 
the ones detected by SEM. In addition to providing textural information about the sample, 
the elemental distribution within the specimen can be obtained and represented in the form 
of a map with the help of Energy-Dispersive X-Ray Spectroscopy (EDX). 
The morphology of the synthesized powders was observed by a Field-Emission Scanning 
Electron Microscope (FESEM, JEOL JSM-7100F) at an acceleration voltage of 15 kV. The 
samples were fixed to the holder using carbon paint. After drying, the specimens were 
subjected to carbon coating prior to conducting microstructural analysis in an Edwards auto 
306 coater. 
3.3. Results and discussion 
3.3.1. Thermal treatment 
The gel precursor obtained from the mixing of metal nitrates and citric acid solution was 
dried overnight at 110 °C, forming a powder precursor. Thermogravimetric analysis was 
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conducted on the powder precursor of LNZ10. The weight loss as well as the derivative 
weight against temperature are shown in Figure 3.2.a. Decomposition of the powder was 
monitored both under air and inert atmosphere to evaluate the need of oxygen supply. 
Figure 3.2.b shows the mass spectrometric analysis of the produced gases under inert 
atmosphere. For simplicity, only mass-to-charge 18, 30 and 44 ratios are plotted in Figure 
3.2.b, corresponding to water, nitric oxide and carbon dioxide. Four degradation processes 
are observed. First, moisture is desorbed from 100 to 200 °C corresponding to a 7-8 % 
weight loss. At 200 °C, the combustion starts with the production of COx and NOx closely 
followed by H2O. Those two processes account for around 28 % of weight loss. The fourth 
process occurs at 380 °C, where the residual carbonaceous species are oxidised to COx. 
When conducted under air, this process takes place earlier and faster, at lower temperature 
than under inert gas. This indicates that the surface reorganisation of oxygen species is a 
slow step. Finally, the remaining weight loss occurring above 600 °C is attributed to 
structural changes and progressive reduction from mixed oxides to pyrochlore phase. 
Overall the TGA under air and inert are very similar and only a small quantity of oxygen 
is required to fully decompose the precursor. Hence combustion of the precursor powder 
was conducted in a high-pressure vessel in air, at 200 °C. 
(a) 
 
(b) 
 
Figure 3.2. TGA of pre-calcined LNZ10 powder, (a) under Air and inert gas (N2), (b) 
temperature programmed decomposition under inert gas (Ar) for m/z: 18, 30 and 44.  
3.3.2. Textural properties 
The chemical composition and textural properties of the prepared catalysts are listed in 
Table 3.1. The metal loadings of the prepared samples are close to the intended values of 
2, 5 and 10 wt.% Ni respectively. Regarding the textural properties of the samples, the 
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highest surface area and the largest pore volume were displayed by the undoped LZ sample. 
The introduction of Ni in the formulation of the catalysts led to a slight decrease of the 
specific surface. The noticeably lower surface area of our samples when compared to 
conventional supported catalysts (e.g. Ni/Al2O3 with SBET = 164 m
2 g-1 [92]) is an important 
factor to consider and will be discussed with reference to the XRD results. However, high 
Ni dispersion is achieved despite the low surface area.  
Table 3.1. Chemical compositions and physical analysis results for the prepared samples. 
Sample 
La 
(wt.%) 
Ni 
(wt.%) 
Zr 
(wt.%) 
SBET 
(m2 g-1) 
Pore volume 
(cm3 g-1) *10-3 
LZ - - - 12 43 
LNZ2 36.5 2.9 39.5 7 20 
LNZ5 39.7 6.8 32.8 7 16 
LNZ10 40.3 12.7 24.9 8 20 
Nitrogen adsorption-desorption isotherms of the freshly calcined samples are presented in 
Figure 3.3. All samples show a typical type IV adsorption feature with a H3 hysteresis loop 
which indicates the presence of mesopores that are generally larger than 5 nm. 
 
Figure 3.3. Stacked nitrogen adsorption-desorption isotherms of the prepared materials. 
Figure 3.5. shows the SEM images of the freshly calcined materials. The morphology of 
the samples is typical of the combustion synthesis, showing a very porous material. The 
EDX mapping of the samples (Figure 3.4.) attests of the homogeneity and well dispersion 
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of the elements on the surface. The elemental composition of the catalysts given by EDX 
are in accordance with the XRF analysis. 
  
  
  
Figure 3.4. EDX mapping of LNZ10. 
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(a) (b) (c) 
   
Figure 3.5. SEM images of the calcined catalysts: a) LNZ2; b) LNZ5 and c) LNZ10. 
3.3.3. Structural properties 
To confirm that a A2B2O7 pyrochlore phase has been successfully formed, the freshly 
calcined materials were analysed using XRD. The resulting patterns are presented in Figure 
3.6 and all the samples present the characteristic diffraction features of La2Zr2O7 pyrochlore 
phase (JCPDS Card No. 01-73-0444). No diffraction peaks of individual La2O3 or ZrO2 
phases are observed. The presence of superstructure peaks (331) and (551) proves that the 
pyrochlore phase was achieved rather than the fluorite phase which is also typical for these 
materials [166-168]. These two low intensity diffraction peaks correspond to cation (and 
anion) ordering in the pyrochlore structure. The substitution of Ni on the B-site did not 
affect the pyrochlore crystalline structure up to a loading of 5 wt.%. Above 5 wt.% of Ni 
loading, a separate La2NiZrO6 rhombohedral double perovskite oxide phase is formed, 
appearing on the XRD with diffraction peaks at 31.5 and 45.1° (JCPDS Card No. 00-044-
0624) along with traces of LaNiO3 at 32.7° (JCPDS Card No. 01-088-0633). A small shift 
in the diffraction peaks towards the lower angles is observed between the doped materials 
and the pure pyrochlore as emphasized in the inset of Figure 1. Ni substitution is 
responsible for an increase in the lattice parameter, provoking this shift. The amount of Ni 
in the 5 and 10 wt.% samples appears to be above the maximum substitution limit of the 
pyrochlore structure, resulting in the formation of a separate perovskite phase. This has 
been reported previously in literature when doping pyrochlores [153, 156, 162]. In 
particular, Haynes et al. reported the formation of La2NiZrO6 for 6 wt.% Ni doped La2Zr2O7 
when calcined at temperature higher than 900 °C [169]. No peaks attributed to Ni or NiOx 
species are observed indicating that Ni is incorporated on the mixed structure and in case 
some particles are out of the inorganic lattice they are quite small and well dispersed despite 
the low surface area of these materials.  
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Figure 3.6. XRD pattern of the calcined catalysts (a) LZ, (b) LNZ2, (c) LNZ5 and (d) 
LNZ10. 
Considering that the fluorite and pyrochlore structures have the same parent XRD pattern, 
only differing by the emergence of minor reflections, Raman spectroscopy was used for 
further analysis of the crystalline structure of the calcined catalysts. Indeed, the X-ray 
scattering power of rare-earth cations is much more important than the one of oxygen, 
hence XRD is more sensitive to disorder in the cation sublattice than in the anion sublattice. 
Raman spectroscopy on the other hand is very sensitive to metal-oxygen vibrational modes 
[170]. Here the cations are located on the inversion centre and therefore, they do not 
contribute to the vibrations and only oxide ligands are visible. For this reason, Raman 
spectroscopy has been widely used as an efficient tool to distinguish defect-fluorite and 
ordered pyrochlore materials. The group theory predicts six Raman active modes (A1g + Eg 
+ 4 F2g) for the pyrochlore structure (Fd3m) and only one Raman mode (F2g) for the fluorite 
structure (Fm3m). In the Raman spectra shown in Figure 3.7, all samples present three or 
more peaks corresponding to the pyrochlore-type structured lanthanum zirconate, in 
agreement with the XRD results. Four peaks can be distinguished for LZ: one broad Raman 
peak at 306 cm−1 being the Eg mode associated to O-Zr-O bending vibrations; the A1g mode 
at 517 cm−1 associated to Zr-O6 octahedra bending vibrations and two F2g modes at 495 and 
396 cm−1 associated to Zr-O and La-O bond stretching with bending vibrations [171-173]. 
The Raman spectra of the Ni-doped samples evidence in the same way the presence of a 
pyrochlore structure with the presence of the Eg mode and two F2g modes. A clear shift 
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towards lower wavenumbers is observed between the undoped and the doped materials. 
The broadening and shift of the doped samples Raman peaks are indicative of  an increase 
in localised disorder across the entire La2Zr2O7 structure confirming the incorporation of 
Ni ions into Zr sites [174]. 
 
Figure 3.7. Raman spectra of the calcined catalysts LZ, LNZ2, LNZ5 and LNZ10. 
3.3.4. Redox properties 
The reducibility of the four catalysts was studied to determine the conditions needed for 
the pre-treatment step and to get further insights on their composition and redox properties. 
The hydrogen TPR profiles of the samples are shown in Figure 3.8. The pyrochlore LZ has 
been found not to be reducible, any H2 consumption in the doped materials is therefore only 
due to Ni [146, 148]. The profiles of the doped samples depict between two to three peaks. 
The low temperature peak at 360 °C is attributed to the reduction of NiO located on the 
surface of the pyrochlore, weakly interacting with it and therefore easily reducible [146]. 
The medium temperature peaks between 405 and 445 °C are likely to be attributed to Ni 
exsolved from the pyrochlore structure and interacting with the pyrochlore structure. The 
most intense peak at 545 °C can be attributed the partial reduction of the La2NiZrO6 phase 
as observed by Haynes et. al. [169]. XRD analysis was performed on the samples reduced 
at 650 °C for 1 h and the XRD profiles are shown in Figure 3.9. The La2NiZrO6 phase is 
still present in LNZ10, indicating that Ni was only partially reduced. Moreover, no 
diffraction peaks due to Ni0 are detected on LNZ10 profile indicating that the reduced Ni0 
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particles are small (i.e. under 5 nm) and well dispersed on the surface of the pyrochlore. 
The 5% doped catalyst however, presents a weak diffraction peak at 44.4 ˚, corresponding 
to Ni0. This might be an indication of the exsolution of Ni from the pyrochlore lattice. To 
summarise, after reduction of the catalyst, some Ni is present within the pyrochlore (La2Zr2-
xNixO7-δ) and perovskite (La2NiZrO6) structures, and also on the surface of the bulk catalyst 
as small and highly dispersed Ni0 nanoparticles. 
 
Figure 3.8. H2-TPR profiles of the calcined catalysts LZ, LNZ2, LNZ5 and LNZ10. 
 
Figure 3.9. XRD profiles of the reduced catalysts: (a) LZ, (b) LNZ2, (c) LNZ5 and (d) 
LNZ10. 
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In order to further understand the reducibility of the double perovskite phase and the Ni 
stability, two redox cycles were conducted on the 10% doped catalyst. Two consecutive 
TPRs were performed with an alternative TPO step. The two reduction profiles are shown 
in Figure 3.10. The high temperature reduction process at 550 °C is still present and slightly 
shifted to higher temperatures indicating that the double perovskite phase is still present 
and difficult to reduce. The lower temperature peaks in the 400 °C region, however, have 
a narrower shape suggesting a more monotonic distribution of particle size [169]. This 
confirms that the exsolved Ni from the pyrochlore and the double perovskite phases are 
small, dispersed and strongly interacting with the support. The absence of shift indicates 
that the Ni particles are relatively stable. Nevertheless, the weak peak at 320 °C in the 
second reduction cycle, suggests the redispersion of some particles and the formation of 
smaller Ni particles more easily reducible. Although those particles could originate from 
the weakly interacting particles reduced at low temperature in the first cycle and described 
previously.    
 
Figure 3.10. Effect of redox cycling on the reducibility of LNZ10. 
The redox stability of the double perovskite phase was further studied. The LNZ10 sample 
was reduced for one hour at various temperatures ranging from 650 to 850 °C. XRD was 
used to follow the crystal structure of the material and the XRD profiles are shown in Figure 
3.11. Although the temperature programmed experiments indicated that the reduction 
process occurs at temperatures below 650 °C, the reduction of the double perovskite 
seemed to be incomplete. Despite one-hour dwell under reducing conditions, the perovskite 
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only seemed to reduce at temperature greater than 750 °C. At higher temperature, the 
La2ZrNiO6 diffraction peaks decreased slightly while traces of La2O3 and Ni appeared. 
Overall the La2ZrNiO6 double perovskite phase appeared to be quite stable under reducing 
atmosphere, its reduction being potentially kinetically limited. 
 
Figure 3.11. Effect of reduction temperature on the double perovskite phase of LNZ10. 
XRD profiles. 
3.3.5. Acid-base properties 
The effect of Ni incorporation on the surface basicity was studied by CO2-TPD and the 
resulting profiles are shown in Figure 3.12. Four desorption processes were observed for 
each catalyst. The first peak at 115 °C corresponds to weak basic sites and is caused by 
CO2 desorption from weak Bronsted OH
− groups [175]. Desorption processes taking place 
between 150 and 400 °C are characteristic of medium strength basic sites while strong basic 
sites result in desorption processes above 400 °C. The desorption peak at 330 °C was 
assigned to Mn+/O2− pairs  while the desorption peak at 450 °C corresponds to under-
coordinated O2− sites [176]. Finally, the peak at 645 °C corresponds to the decomposition 
of La2O2CO3. The incorporation of Ni in the pyrochlore led to an increased number of 
intermediate basic sites.  
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Figure 3.12. CO2-TPD profiles of the calcined catalysts. 
3.3.6. Reactivity 
The ability of the catalysts to activate methane was studied by means of CH4-TPSR and the 
desorption profiles of the reagent and products arising from the reaction are shown in 
Figure 3.13. Four temperature regions can be distinguished, corresponding to different 
dissociation processes. At temperature lower than 300 °C, no dissociation occurs.  In the 
300 to 550 °C temperature range, a minor methane consumption is detected in all the Ni 
containing catalysts. This process is accompanied by the production of water, carbon 
monoxide, carbon dioxide and hydrogen, indicating some methane decomposition on Ni 
active sites, and methane combustion with adsorbed surface oxygen, following equation 
3.1 [177]. Increasing Ni content leads to a shift of this process towards the lower 
temperature, indicating the higher accessibility of surface oxygen in the doped catalysts. 
𝐶𝐻4 +  4𝑂
∗ → 𝐶𝑂2 + 2𝐻2𝑂  (3.1) 
The activation mechanism occurring between 550 and 750 °C is referred as region III in 
Figure 3.13. Here, a rapid hydrogen production is witness, along a major methane 
consumption. The limited CO production suggests that this process is mainly due to CH4 
dissociation on Ni active sites according to equation 3.2. 
𝐶𝐻4 +  𝑁𝑖 → 𝑁𝑖 − 𝐶 + 2𝐻2  (3.2) 
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Lastly, in region IV, at temperatures above 750 °C, a final CH4 consumption occurs, 
forming larger amount of CO. This process is observed for all catalyst, including the bare 
La2Zr2O7 pyrochlore implying that oxygen from the pyrochlore lattice is able to dissociate 
methane at high temperature, following equation 3.3 [178].  
𝐶𝐻4 +  𝑂
∗ → 𝐶𝑂 + 2𝐻2  (3.3) 
Additionally, on the Ni containing catalysts, the coked Ni-C sites resulting from equation 
3.2 can supposedly further react with lattice oxygen to form CO, regenerating Ni-C to its 
original active form Ni. Although methane could still potentially dissociate on Ni-C sites, 
leading to the formation of filaments of carbon, the complete decline of H2 production 
during the high temperature isotherm suggests otherwise. 
(a) (b) 
  
(c) (d) 
  
Figure 3.13. CH4-TPSR profiles of (a) LZ, (b) LNZ2, (c) LNZ5 and (d) LNZ10. 
Overall the pyrochlore based catalysts were able to dissociate methane at temperatures as 
low as 500 °C, which sets them as good candidates for low temperature dry reforming. 
Additionally, the pyrochlore structure was found to have a good oxygen storage capacity, 
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with some surface oxygen and active lattice oxygen. Although the amount of Ni in the 
catalyst had a direct correlation with hydrogen production, the desorption of CO was very 
similar between catalysts. The introduction of Ni in the lattice, led to more accessible 
surface oxygen but did not increase the quantity of active lattice oxygen. Furthermore, the 
presence of the double perovskite phase in LNZ10, did not seem to influence CO 
production and hence available lattice oxygen. 
3.4. Conclusions 
A novel series of advanced nickel-based catalysts was prepared and characterised. Nickel 
was stabilised within a thermally stable mixed oxide structure, to prevent Ni from sintering 
and therefore from forming large clusters that favours carbon formation. La2Zr2O7 
pyrochlore was selected and doped with different Ni loadings. XRD and Raman analysis 
of the calcined samples confirmed the formation of the pyrochlore phase as well as Ni 
substitution in the pyrochlore. The introduction of 10 % of Ni led to the formation of a 
double perovskite phase. TPR experiments coupled with XRD analysis demonstrated that 
the double perovskite phase was stable up to 800 °C. Textural properties revealed the very 
low surface area of pyrochlore materials thus highlighting the good dispersion of Ni. 
Preliminary reactivity experiments reveal the high potential of these materials to activate 
methane. Lastly, the pyrochlore materials displayed high oxygen mobility which is an 
essential requisite for a suitable reforming catalyst. 
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Chapter 4. 
 
Pyrochlore based catalysts performance in the 
DRM reaction 
 
 
4.1. Introduction 
The dry reforming of methane is a very demanding reaction. The high temperature of 
reaction required to reach high levels of conversion is causing irreversible damage to the 
catalyst. The agglomeration of the active phase causes loss of active surface area and 
accelerate the coking process. Therefore, the stabilisation of the active phase is primordial 
to both tackle loss of activity and deactivation through carbon deposition. In the previous 
chapter, Nickel was inserted within a thermally stable mixed oxide structure. This strategy 
is aiming at preventing Ni sintering due to enhanced metal support interactions and reduced 
particle sizes. The produced catalysts exhibit interesting redox properties and acid-base 
features making them suitable for DRM. The nickel particle size is estimated to be less than 
5 nm and the reactivity study demonstrated the catalysts ability to activate methane. Hence 
the Ni doped pyrochlore-perovskite catalyst were tested for the dry reforming of methane. 
Durability tests were performed along with post mortem characterisation to determine any 
cause of deactivation. Additionally, various reaction conditions were evaluated and their 
impact on the catalysts keeping in mind their potential large-scale application. Finally, the 
regeneration of the catalyst was performed in order to evaluate the life time and 
recyclability potential of this type of catalysts. 
Chapter 4 – Pyrochlore based catalysts performance in the DRM reaction 
62 
 
4.2. Experimental 
4.2.1. Catalysts characterisation 
• X-ray powder diffraction 
XRD analysis was undertaken using a PANalytical X’Pert Powder. The samples were 
analysed after calcination and after DRM reaction. The diffraction patterns were recorded 
with Cu K (30 mA, 40 kV) over a 2θ range of 10 to 90°, a position sensitive detector using 
a step size of 0.05° and a step time of 450 s. The powder XRD patterns were further 
processed using the accompanying software for the equipment, X’PertHighscore Plus. 
• Temperature-programmed oxidation 
Temperature-programmed oxidation (TPO) with O2 is a technique used to identify 
qualitatively and quantitatively carbon deposits. In a typical experiment the post mortem 
catalyst is exposed to an oxidative gas mixture while the temperature is increased following 
a temperature program. The most commonly used oxidative gas is oxygen. The oxygen and 
carbon oxides concentration are monitored over time and allow to determine when carbon 
species are oxidised on the sample. Such information allows to postulate on the type of 
carbonaceous species present, as well as their quantity. 
Temperature-programmed oxidation (TPO) with O2 experiments were carried out on the 
spent catalysts in a TGA/SDTA851e/LF/1600 instrument (Mettler Toledo) connected to a 
mass spectrometer (TGA-MS) at the University of Sevilla, Spain. Samples were exposed 
to a 20 vol.% O2/He gas flow from room temperature to 1000 °C, with a heating rate of 10 
°C min-1.  
• Raman spectroscopy 
Raman spectroscopy measurements were performed on a Thermo Scientific DXR Raman 
Microscope using a green laser (λ = 532 nm, maximum power 10 mW) with a spot diameter 
of 0.7 µm and a pinhole aperture of 50 µm. A diffraction grating of 900 grooves mm-1, a 
CCD detector and a 50× objective were used. Spectra were recorded using an acquisition 
time of 2 s and 40 scans. 
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• Transmission Electron Microscopy 
Transmission electron microscopy (TEM) is a technique that produces an image of a sample 
in different shades of darkness depending of the specimen’s electron density distribution. 
A beam of electrons is focused on an extremely thin sample and interacts with it as it is 
transmitted through. Some electrons are scattered and leave the beam as the others hit a 
fluorescent screen giving an image of the sample. The image obtained represents a map of 
the sample depending on its density. In addition, High Angle Annular Dark Field (HAADF) 
imaging is also possible and consists in collecting the scattered electrons using 
an annular dark-field detector. HAADF is very sensitive to the atomic number of atoms in 
a sample, resulting in an image with a different contrast compared to TEM. In HAADF, 
atoms with high atomic numbers appear brighter due to higher interactions between their 
nucleus and the electron beam at higher angles. Both techniques are particularly relevant 
in material science since they permit the study of nanomaterials from some nanometres 
(low resolution TEM) down to angstroms (high resolution TEM). The evaluation of the 
particle size and the micromorphology of the catalysts as well as the presence of different 
crystalline phases can be obtained by this technique. 
TEM images and high angle annular dark field images (HAADF-STEM) were taken with 
a FEI TALOS F200X G2 instrument. HAADF-STEM were performed using a 0.5 nm 
diameter electron probe and a 10 cm long diffraction chamber. The elemental mapping of 
the samples was studied in STEM mode using an energy dispersive X-ray spectrometer 
Inca Energy-200 from Oxford Instrument. Samples for analysis were deposited on a carbon 
coated copper grid without the use of solvent. Excess sample was removed using a nitrogen 
flow. Average particle size measurements were estimated by counting over 250 particle 
sizes using Image J 2.0 software. This equipment is located in the University of Sevilla, 
Spain. 
4.2.2. Catalytic behaviour 
The catalytic behaviour of the prepared catalysts in the dry reforming of methane reaction 
was evaluated using a fixed bed quartz reactor loaded in an automatized Microactivity 
Reference apparatus from PID Eng&Tech. A description of the equipment is shown in 
Figure 3.2. This equipment is located in the University of Alicante, Spain. 
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The equipment consists of a down flow fixed bed tubular quartz reactor placed in a furnace 
and located in a temperature controlled hot box. The gaseous reactants are fed into the 
reactor by mass flow controllers. When the reaction tested involves water like during the 
bi-reforming of methane reaction, it is injected by a HPLC pump (GILSON) able to control 
streams between 0.01 and 5 mL min-1 and introduced into the system. Water is gasified in 
an evaporator at 200 °C and mixed with the hot gaseous reactants prior the reactor. The hot 
box system ensures that no condensed water is present in the lines. A 6-port valve allows 
the reactant gases to either pass through the reactor or be directly directed to the outlet, 
hence by-passing the reactor. At the inlet and the outlet of the reactor, 10 μm sintered filters 
are installed to protect the system and especially the valve from any fine catalyst particles 
that could have potentially been separated from the fix bed. At the reactor outlet, the 
product stream is directed out of the hot box and passed through a liquid-gas separator 
where the liquid species are allowed to condense at low temperature. The remaining gas 
flow is then pressure controlled in the hot box by means of a servo positioned micrometric 
regulating valve before being sent to a gas analyser.  
(a) (b) 
 
 
Figure 4.1. Microactivity Reference™ equipment. (a)Front view, (b) inside view. 
In this chapter, the catalysts were sieved and the 100–200 µm fraction were placed in the 
reactor on a quartz wool bed. This fraction was selected to eliminate any diffusion 
limitation while limiting pressure drop. Prior to the activity tests, catalysts were reduced 
in-situ under 10 vol.% H2 in He, at 700 °C during 1 h.  The reaction was carried out for 30 
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h, at atmospheric pressure in the 600-700 °C temperature range, with a reactant feed molar 
ratio of CH4:CO2 = 1:1 in 60 vol.% He. The total flow of reactants was adjusted to achieve 
Weight Hourly Space Velocity (WHSV) of 15, 30 and 60 L g-1 h-1 which is equivalent to 
Gas Hourly Space Velocities (GHSV) of 2500, 5000 and 10000 h-1. Activity tests were 
performed using 0.100 g of catalyst. The composition of the outlet of the reactor was 
followed by an online gas chromatography (Agilent Technologies) equipped with two 
columns (Carboxen-1000 and Porapak-Q) and two detectors (FID and TCD). The carbon 
balance was closed +-5%. 
The conversions (Xi) of the different reactants and products were calculated as follows: 
XCH4(%) = 100 ∗
[CH4]In − [CH4]Out
[CH4]In
 (4.1) 
XCO2(%) = 100 ∗
[CO2]In − [CO2]Out
[CO2]Out
 (4.2) 
4.3. Results and discussion 
4.3.1. Effect of Nickel loading 
The catalytic behaviour of the catalysts over time on stream at 650 °C is shown in Figure 
4.2. CO2 conversion is greater than the CH4 conversion for all the catalysts. This is due to 
the higher activation energy of CH4 (i.e. the energy barrier to activate methane is larger 
than the one of CO2 activation) and the occurrence of the Reverse Water Gas Shift (RWGS, 
eq. 2.3) reaction, which also takes place under the used conditions. CO2 reacts with both 
CH4 and H2 resulting in higher CO2 conversion than expected. 
The un-doped LZ pyrochlore does not show any activity in DRM, as can be predicted by 
the lack of active metallic phase in the solid. The 2% doped catalyst, LNZ2, is barely active 
despite its metallic loading. Samples doped with loadings greater than 2% have been found 
to be active for DRM at 650 °C in good agreement with the reactivity study in Chapter 3. 
Interestingly this also corresponds to the loading limit for which a secondary perovskite 
phase has been formed. However, despite an initial conversion of 33% for CO2 and 18% 
for CH4, LNZ5 is rapidly deactivated and its activity reaches a plateau at 17% for CO2 and 
6.6% for CH4 after 20 hours on stream. Traces of Ni were observed on the reduced LNZ5 
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indicating that the particles were larger than 5 nm and agglomeration may have caused the 
deactivation. On the other hand, the 10% doped catalyst displays very good performance 
in terms of both catalytic activity and stability. LNZ10 achieves a conversion of 79% for 
CO2 and 65% for CH4 and reaches steady state in less than 1 hour. No deactivation is 
observed after 30 hours on stream, although LNZ10 performance are in the thermodynamic 
regime.  
The XRD profiles of the samples after reaction are shown in Figure 4.3. The pyrochlore 
phase is still present, indicating that the reaction mixture has no effect on its structure. The 
double perovskite phase is still present in LNZ10 indicating that 30 hours under reductive 
atmosphere and at high temperature, still does not fully affect its structure. On the other 
hand, the characteristic peaks of Ni metal are now visible on all catalysts. Surface Ni 
particles may have agglomerated, and Ni may have been exsolved from the pyrochlore 
structure during the reaction. Traces of La2O3 were also detected in the LNZ10 sample, 
possibly from the decomposition of LaNiO3 residues. 
 
Figure 4.2. Influence of Ni metal loading (x = 0; 2; 5; 10 wt.% Ni) on catalytic activity 
and stability. Reaction conditions: P = 1 atm, CH4/CO2 = 1, T = 650 °C,  
WHSV = 30 L g-1 h-1. 
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Figure 4.3. XRD profiles of the spent catalysts: (a) LZ, (b) LNZ2, (c) LNZ5 and (d) 
LNZ10.  
Carbon deposition was evaluated on the samples post mortem. TPO profiles of all the tested 
catalysts are shown in Figure 4.4. LZ was not active and did not crack any methane at the 
studied temperature hence does not have any carbon deposit. LNZ2 and LNZ5 which 
showed little activity contain some carbonaceous species, 1.3 and 4.0 mgC/gcat respectively. 
LNZ10 on the other hand was very active and showed evidence of coking. In particular, 68 
mgC/gcat was measured on the 10% doped catalyst corresponding to two types of carbon. 
Two peaks are detected on the TPO profiles, a major one at 500 °C and a minor one at 700 
°C. They correspond to carbonaceous species with different degrees of crystallinity and 
defects thus the more amorphous and highly defective carbon gasify at lower temperature 
than a more graphitic carbon. The 5% Ni catalyst deactivated quickly and presents higher 
amount of crystalline carbon (inset Figure 4.4.). The agglomeration of Ni particles on LNZ5 
may have led to more crystalline carbon. 
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Figure 4.4. TPO profiles of the Ni doped catalysts after DRM reaction at 650 °C for 30 h. 
4.3.2. The 10% Ni doped pyrochlore/double perovskite catalyst 
The 10% Ni catalyst displayed good performance for low temperature DRM. Indeed, 
carbon deposition is favoured below 700 °C (Figure 2.5.), hence more tests were performed 
on this catalyst to further evaluate its performance. 
4.3.2.1. Reaction temperature effect 
The dependence of the activity of the 10% Ni doped catalyst with the reaction temperature 
was further studied. Figure 4.5. illustrates the catalytic activity of the best catalyst, LNZ10, 
over temperatures ranging from 600 to 700 °C, each point corresponding to the steady state 
value after 30 h on stream. LNZ10 is found to be very active, even at low temperature, with 
CH4 and CO2 conversions of 53% and 69% respectively at 600 °C. Moreover, LNZ10 did 
not deactivate and showed a stable behaviour for 30 h on stream at this low temperature for 
DRM, where carbon formation is thermodynamically favoured, emphasising its great 
resistance to carbon formation. In accordance with thermodynamic equilibrium 
calculations, both conversions increased with temperature. Remarkably, as temperature 
increased the gap between CO2 conversion and CH4 conversion decreased until both 
conversions became equal at 700 °C. Indeed, methane conversion is believed to be favoured 
at high temperature due to the high activation energy of CH4. A slight increase of the H2/CO 
ratio is observed as temperature increases, which is due to a higher CH4 conversion leading 
to greater H2 production. Although the syngas trend is affected also by the parallel reactions 
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as for example methane decomposition (eq. 2.15) and RWGS (eq. 2.3) both leading to 
opposite effects – RWGS consumes H2 while CH4 decomposition generates extra H2. In 
fact, among the parallel reactions affecting DRM, the RWGS has a remarkable influence 
in the reactant conversions and H2/CO ratio as previously observed in literature [76, 179].  
 
Figure 4.5. Effect of the temperature on H2/CO ratio and CH4 and CO2 conversion for 
LNZ10. Reaction conditions: P = 1 atm, CH4/CO2 = 1, WHSV = 30 L g
-1 h-1. 
Since carbon deposition is highly dependent on reaction temperature, TPO experiments 
were conducted on the post mortem samples and the results are shown in Figure 4.6. 
According to thermodynamics, at 700 °C the Boudouard reaction along with CO and CO2 
reductions are not favourable hence carbon deposition is solely due to methane 
decomposition. At 700 °C, the catalyst suffered less carbon deposition with only 35.5 mgC 
gcat
-1. At 650 °C however, CO reduction, Boudouard and CH4 decomposition are favoured, 
thus yielding higher carbon deposits with 68.6 mgC gcat
-1. Finally, the reaction at 600 °C 
resulted in less carbon deposition than the reaction at 650 °C with 59.4 mgC gcat
-1
. Indeed 
at 600 °C, all carbon formation reactions are favoured, however CH4 decomposition is less 
favoured than at higher temperature, meaning that carbon deposition on this catalyst is 
mainly due to CH4 decomposition rather than the Boudouard reaction (Figure 2.5.). 
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Figure 4.6. TPO profiles of LNZ10 after DRM at temperature 600-700 °C. 
4.3.2.2. Space velocity effect 
Space velocity is a key parameter for industrial applications, as it determines the volume 
of the reforming unit and therefore is directly linked to the capital cost of the process. The 
10% doped catalyst was tested utilising different Weight Hourly Space Velocities (WHSV). 
For this test, the mass of catalyst was kept constant and the flow of reactant was halved and 
doubled to give WHSVs of 15, 30 and 60 L g-1 h-1. Experiments were conducted at 700 °C 
for 30 h. Once again, the catalyst showed great stability even at high space velocity, 
showing no sign of deactivation and therefore testifying of the outstanding resistance to 
coking of this catalyst even when exposed to hard conditions. Figure 4.7. illustrates the 
behaviour of the LNZ10 catalyst in terms of CH4 conversion, CO2 conversion and H2/CO 
ratio as functions of the space velocity, considering the steady state values. 
At low space velocities the catalyst achieves very high conversions: 88% for CH4 and 91% 
for CO2 at 15 L g
-1 h-1. A slight decrease in CH4 conversion is observed when increasing 
the space velocity to 30 L g-1 h-1. When doubling the space velocity to 60 L g-1 h-1 a drop 
in activity is witnessed; however, the conversions obtained are still relatively good 
especially for CO2 (74.5%). Methane conversion decreased by a greater extent to 55.5% 
due once again to the difficulty in overcoming CH4 activation since its C-H bonds are very 
stable. 
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Overall, the temperature effect and the space velocity tests reveal the excellent performance 
of this engineered catalyst under a variety of reaction conditions. The relatively good 
behaviour at 600 °C suggests that this catalyst can be envisaged as suitable low temperature 
DRM catalyst (overcoming the coking limitations imposed by thermodynamics). Also, its 
high activity at relatively demanding space velocity conditions indicates its potential 
applications in compact units (i.e. direct biogas solid oxide fuel cells, or medium size 
reformers for syngas generation). 
 
Figure 4.7. Effect of the space velocity on H2/CO ratio and CH4 and CO2 conversion for 
LNZ10. Reaction conditions: P = 1 atm, CH4/CO2 = 1, T = 700 °C. 
4.3.2.3. Long-term stability study 
A stability test was conducted to check the behaviour of the 10% Ni-doped pyrochlore over 
a period of two weeks, the results of which are shown in Figure 4.8. The catalyst displayed 
great stability over time on stream but showed signs of small deactivation starting with CH4 
and CO2 conversions of 87% and attaining conversions of 82% and 77.8% for CO2 and 
CH4 respectively, after 360 hours on stream. This corresponds to a declination rate of 
0.0138% h-1 for CO2 and 0.0255% h
-1 for CH4. Methane conversion appears to be more 
sensitive to deactivation than CO2. Deactivation in this case is due to carbon formation 
around or over the Ni particles, as revealed by TEM (Figure 4.12.) since methane is 
believed to be activated by Ni [180]. In this situation it is understandable that CH4 
conversion is more affected than CO2. In fact, as reported by Verykios et al. in a DRM 
study over Ni supported on La2O3, CO2 is activated by the support [181]. It is assumed in 
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our case that CO2 is activated on the La-O phase of the pyrochlore, forming lanthanum 
oxycarbonates (La2O2CO3) that are then reduced to CO [152]. 
Nevertheless, despite the reaction and deactivation mechanisms, LNZ10 has demonstrated 
excellent stability since it is able to maintain outstanding levels of CO2/CH4 conversions in 
continuous operation over a period of two weeks producing good quality syngas. 
 
Figure 4.8. Stability test on LNZ10 over 360h. Reaction conditions: CH4/CO2:1, P = 1 
atm, T = 700 °C and WHSV = 30 L g-1 h-1. 
The catalyst was analysed post reaction using XRD to detect any structural evolution during 
the reaction. Figure 4.9. shows the XRD patterns of the 10% Ni pyrochlore-based catalyst 
as prepared, after reduction under hydrogen at 700 °C for 1 hour, after DRM reaction at 
700 °C for 30 hours and after DRM reaction at 700 °C for 360 hours. Small changes can 
be observed. Although the pyrochlore phase and the double perovskite phase remain intact, 
small peaks centred at 2θ = 44.4° and 51.7°, corresponding to the characteristic (111) and 
(200) planes of the metallic Ni phase, appear on the XRD profiles after reaction. First, the 
44.4° peak appears as a shoulder after 30 h of reaction and then as a distinct peak after 360 
h of reaction as shown Figure 4.9. This suggests the progressive exsolution of Ni from the 
pyrochlore to the surface of the catalyst during the reaction. In fact, TPR results (Figure 
3.8.)  indicated that some bulk NiO is present on the surface of LNZ5 and LNZ10, which 
is reduced to Ni0. No Ni0 peaks are detected on the XRD profile of the reduced catalyst 
suggesting that the Ni particles on the surface of the pyrochlore cannot be detected and are 
small (< 5 nm) and well dispersed. Growth of the Ni crystallite size was estimated using 
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the Scherrer equation. After 30 h of reaction the Ni particle size is about 21 nm while after 
360 h on stream the particle size is ca. 27 nm. This small change emphasizes the robustness 
of LNZ10 and shows how the substitution of Ni inside a complex oxide structure actually 
prevents sintering of the metal particles. In any case it seems that our catalytic active phase 
is composed by small Ni clusters dispersed on the catalyst surface along with well dispersed 
Ni particles exsolved from the pyrochlore lattice. As reported by Kwon et al., exsolution 
of transition metals is a smart catalyst design approach for energy applications in particular 
when the metal has a good ability to exsolve under a reducing or reaction environments 
[182]. Traces of La2O3 were observed after 30 hours of reaction, corresponding to the 
decomposition of LaNiO3. After 360 hours, hexagonal lanthanum oxycarbonate phase was 
detected, resulting from the activation of CO2 on La2O3 [152]. 
  
Figure 4.9. XRD profiles of LNZ10: (a) calcined, (b) reduced, (c) after 30 h reaction and 
(d) after 360 h reaction. 
Although, the exsolution strategy successfully mitigates Ni particles agglomeration, carbon 
formation over Ni clusters is hard to avoid. In fact, carbon formation is not always 
detrimental and in a way is an indication of the catalytic activity, since C-H activation of 
CH4 involves the formation of C* species reported in many computational studies [183, 
184]. The catalysts were recovered after being tested under DRM conditions and further 
characterised. A combined TPO-TGA, TEM and Raman spectroscopy study was used to 
quantify and identify the carbonaceous species formed on the catalysts and responsible for 
their deactivation. Figure 4.10. shows the CO2 production profiles of LNZ10 after 30 h 
reaction and after the stability test at 700 °C, in the temperature-programmed oxidation 
experiment. Carbon formation is a sign of activity in DRM; the key point is to avoid the 
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formation of hard carbon deposits. The samples display one major TPO peak at 520 °C. 
This peak corresponds to a soft type of carbon since it can be oxidised under relatively mild 
conditions. Carbon deposition is closely related to Ni particle size, the larger the clusters 
the more favoured the carbon formation [44, 185-187]. The fact that soft carbon is present 
also supports the exsolution hypothesis leading to small Ni domains available at the catalyst 
surface during reaction. The agglomeration of Ni clusters would lead to more graphitic 
carbon, therefore the Ni particles of our catalyst seem to remain small and well dispersed 
on the surface.  
As expected after 360 hours on stream, relatively high quantities of carbon have been 
formed on the catalyst (206 mgC/gcat), however, the performance of the catalyst was only 
slightly affected. 
 
Figure 4.10. TPO profiles of LNZ10 after DRM at 700 °C for 30 h and 360 h. 
The nature of carbon formed on the pyrochlore catalyst after reacting at different 
temperatures was confirmed by Raman spectroscopy. The spectra in Figure 4.11. show the 
three characteristic peaks of Multiwalled carbon nanotubes (MWCNT): the D band (∼1350 
cm−1), the G band (∼1580 cm−1), and the 2D band (∼2700 cm−1). The D band is indicative 
of defects in the MWCNT sample (i.e., carbonaceous impurities with sp3 bonding, 
broken sp2 bonds in the sidewalls) while the G band results from the graphitic nature of the 
sample (i.e., crystallinity of the sample), and the 2D band is indicative of long-range order 
in a sample and arises from the two-phonon, second-order scattering process that results in 
the creation of an inelastic phonon [188]. The intensity of the D band normalized to the G 
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band (ID/IG) is used to evaluate the degree of graphitization of CNTs. In our case, all 
samples present a ID/IG close to unity indicating that time on stream did not have an effect 
on the type of carbon formed in good agreement with TPO data.  
 
Figure 4.11. Raman spectra of LNZ10 after DRM at 700 °C for 30 h and 360 h. 
Further insights were obtained by electronic microscopy. TEM images of LNZ10 (a,b) 
fresh and (c-f) after 360 h of reaction are shown in Figure 4.12. Images (a) and (b) are 
HAADF-STEM of the sample before reaction and the corresponding element mapping for 
nickel. They show that Ni is originally mainly present in the bulk of the catalyst, 
homogeneously dispersed, with additional small particles gathered on the surface. Images 
(c) and (d) are HAADF-STEM of the sample after 360 h of reaction and the corresponding 
element mapping for nickel. Here, the bulk nickel is hardly noticeable and larger particles 
of nickel are detected on the surface. Sintering of surface nickel is clearly visible after the 
long-term stability test. The size distribution of Ni particles after reaction ranges up to 56 
nm with an average diameter of 26.4 nm, in good agreement with the XRD results. 
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Figure 4.12.  HAADF-STEM (a, c), elemental mapping of Ni (b, d) and TEM images (e, f) 
of LNZ10: (a,b) fresh and (c - f) after 360 h of reaction at 700 °C. 
After 360 h of reaction some carbon nanotubes (CNTs) are formed, as seen on the TEM 
images (e, f). The wall thickness of the nanotubes (11 nm) indicates multi-wall CNTs in 
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good agreement with the Raman spectra. Interestingly, the growth of CNTs starts from the 
interface between the metallic particle and the catalyst bulk and separates nickel from the 
surface as they grow. As reported previously, carbon nano-fibres tend to cover Ni particles 
causing the deactivation of the catalyst, but in the case of carbon nanotubes, Ni particles 
can be located on the tip of the CNTs or at the base, and may still catalyse methane 
decomposition [72, 187]. In this case, CNTs grow away from the catalyst particle through 
a reversal growth behaviour as previously observed by Titus et. al. [67] rather than covering 
the surface. This growth mechanism allows part of the catalyst particles to remain 
accessible and the active sites to function (as shown Figure 4.12 (e,f)). In other words, 
despite the unavoidable carbon formation, our Ni-stabilised catalyst remains active simply 
because carbon is covering just a small fraction of the active sites and most of the Ni atoms 
(in the pyrochlore-perovskite phase or exsolved in the surface) are available for the reaction 
leading to the outstanding long-term stability. 
Carbon formation on nickel catalysts is inevitable, therefore catalyst regeneration is an 
option for long term operation. The sample after stability test was regenerated at 800 °C 
under air to burn off any carbon deposit and subsequently reduced at 700 °C. Figure 4.13. 
compares the crystalline structure of the fresh sample, after stability test, after regeneration 
and after subsequent reduction, using XRD. As previously discussed, the post stability 
sample presents peaks of metallic nickel and lanthanum oxycarbonate. High temperature 
leads to the desorption of CO2 as seen during the CO2-TPD experiment (Figure 3.12.). 
Lanthanum oxycarbonate hence decomposed during the regeneration process to 
Lanthanum oxide. The resulting lanthanum oxide formed with Ni a LaNiO3 perovskite 
phase upon oxidation. Indication of NiO at 37.2 and 43.3 ˚ was also detected. Reduction of 
the regenerated catalyst reveals the complete decomposition of the formed LaNiO3 
perovskite to La2O3 and Ni metallic. Although Ni was oxidised to LaNiO3 and NiO upon 
regeneration, after reduction no trace of those species are observed indicating that all the 
Ni species are reduced, apart from the double perovskite. The main diffraction peak of Ni, 
however, is less intense indicating that the oxidation-reduction step re-dispersed Ni 
particles. After the stability test, the Ni particles were estimated using the Scherrer equation 
at 27 nm whereas after subsequent regeneration and reduction, Ni particle size is down to 
17 nm. The substitution of metal particles in a perovskite lattice and their ability to re-
disperse after oxidation-reduction has been developed for automotive emissions control 
systems [189]. The exsolution strategy combined with the reversible formation of mixed 
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oxides results in the design of intelligent catalysts. The exsolution of particles allows the 
formation of small and well dispersed particles with enhanced metal support interactions. 
However, sintering still occurs, hence re-oxidation of the sample to form back the mixed 
oxide material allows to regenerate the catalyst, re-disperse the nanoparticles and extend 
the life time of the catalyst. 
 
Figure 4.13. XRD profiles of LNZ10: (a) calcined, (b) after stability test (c) regenerated 
and (d) regenerated and reduced. 
4.4. Conclusions 
A novel series of advanced nickel-based catalysts was prepared, characterised and tested 
for DRM. Nickel was stabilised within a thermally stable mixed oxide structure, to prevent 
Ni from sintering and therefore from forming large clusters that favours carbon formation. 
La2Zr2O7 pyrochlore was selected and doped with different Ni loadings. XRD and Raman 
analysis of the calcined samples confirmed the formation of the pyrochlore phase as well 
as Ni substitution in the pyrochlore. The 5 and 10% Ni doped pyrochlore were found to be 
active for DRM and presented an additional perovskite phase. LNZ5 deactivated quickly 
whereas LNZ10 displayed outstanding catalytic activity and stability over a long-term 
stability test of 360 hours. TPO and TEM analysis were performed on the spent catalysts 
and multiwall carbon nanotubes were identified as being formed on the surface. However, 
this had a limited impact on the catalyst’s activity proving the robustness of the 10% doped 
pyrochlore. Structural analysis was conducted on the catalyst after 360 hours of reaction 
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using XRD and revealed that the pyrochlore structure remains intact during reaction and 
that Ni was exsolved to the surface during reaction generating small Ni clusters which are 
responsible for the observed high activity. Regeneration of the catalyst was performed, and 
subsequent reduction allowed the redispersion of Ni clusters via the formation of a 
perovskite phase. 
Overall, this work presents a strategy to design economically viable catalysts able to 
withstand the demanding conditions of dry reforming processes.  The successful results 
obtained with our Ni-stabilized materials suggest their potential application for biogas 
upgrading, flexible syngas production and CO2 cleaning up processes. Given the 
outstanding behaviour of our Ni-doped pyrochlore intelligent catalysts a patent has been 
filled and granted and commercialization opportunities are currently under discussion with 
leading companies in the energy sector.  
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Chapter 5. 
 
Reforming of various feed compositions 
 
 
5.1. Introduction 
Syngas is an extremely valuable and versatile building block for the production of 
chemicals. Depending on the downstream process and targeted chemical, the syngas 
composition required may vary. The direct synthesis of methanol from syngas requires a 
H2/CO ratio of about 2 [190], where the hydroformylation process needs a H2/CO ratio of 
1. On the other hand, the Fischer-Tropsch synthesis (FTS) that produces a variety of 
hydrocarbon fractions usually uses a H2/CO syngas ratio of 2 but would benefit from a 
higher selectivity towards long-chain hydrocarbons with lower H2/CO ratios [4]. The dry 
reforming of methane produces a syngas of H2/CO ratio of a maximum of 1. Hence, with 
the aim of adjusting the syngas composition towards H2 rich syngas, the effect of steam 
addition in the feed stream is studied in this chapter.  Indeed, the most commonly used 
technology to produce syngas is the Steam Reforming of Methane (SRM) producing a 
hydrogen rich syngas with a H2/CO ratio of about 3. Because the syngas produced by DRM 
is too poor in H2 to be directly fed to an FTS unit or a methanol production plant, the bi-
reforming of methane (BRM) combining SRM and DRM is proposed to tune the syngas 
composition. According to thermodynamics simulations, the addition of equimolar steam 
to the dry reforming mixture results in increased hydrogen production and reduced carbon 
formation as shown in Figure 5.1.a.  
From a CO2 emissions mitigation perspective, CO2 reforming has a limited impact. 
Considering that the entire global methanol production is sourced from CO2, only 137.5 
Mton of CO2 would be consumed, omitting the CO2 emissions generated by the process. 
However, biomass represents an alternative to fossil fuels and the reforming of biogas 
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mixtures is of great interest. Biomass is a renewable source of energy and can be converted 
through various processes including combustion, pyrolysis and gasification. While the 
combustion of biomass allows the production of heat and electricity, pyrolysis and 
fermentation processes allow the production of liquid fuels suitable for combustion engines 
or liquid energy carriers. Thermal biomass gasification produces a gas mixture composed 
of H2, CO, CH4, CO2, H2O, N2 and light hydrocarbons. However this process is energy 
intensive due to the high moisture content of biomass, and require critical process demands 
due to the large production of tar [191]. Anaerobic digestion on the other hand, is a 
commercially available biochemical conversion process. Any biodegradable matter can be 
fed to the process where digestion will occur from the microbiological action of bacteria, 
producing biogas. Typical feedstocks for biogas production are waste materials such as 
municipal waste, sewage sludge, animal manure and agricultural waste. The produced 
biogas is mainly composed of methane and carbon dioxide; thus, it is a suitable feedstock 
for DRM. Nevertheless, its composition may vary upon the biodegradable source since it 
is dependent on the composition, density and water content of the source. In particular, the 
methane fraction in biogas can be as high as 85 % when waste from the food industry is 
used and as low as 30 % when landfill waste is fed [54]. Other components present in 
biogas include water vapour, oxygen, nitrogen, hydrogen sulphide, ammonia, and 
aromatics. The presence of H2S in particular, is problematic for the reforming process since 
it is poisonous to Ni, forming nickel sulphide phases. Desulphurization is therefore 
necessary prior the reforming of biogas. Two options are available, the treatment of biogas 
in a desulfurization unit upstream the reforming unit, typically a wet scrubber using an 
alkaline sorbent such as limestone or the direct desulfurization in the digester. The latter is 
a biological process using microorganisms that oxidise hydrogen sulphide to sulphur and 
sulphate [54, 192]. Since biogas is rich in methane, carbon deposition in the reforming unit 
is also a major threat to the catalyst. Figure 5.1.b. represents the thermodynamic 
equilibrium composition of a biogas mixture of 60 % CH4 and 40 % CO2 versus 
temperature. Although the syngas produced is rich in H2, carbon formation is favoured 
throughout the whole range of temperature. 
Under these premises, the reforming of various feedstocks was studied on the 10 % Ni 
pyrochlore catalyst. In particular, the effect of steam addition was studied as well as its 
impact on the produced syngas. In addition, the reforming of biogas mixtures was 
performed, simulating different waste biomass feedstock. The carbon formation was 
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specifically monitored, and the doped catalyst performance was compared to a reference 
supported pyrochlore catalyst.  
(a) (b) 
  
Figure 5.1. Thermodynamic equilibrium plots using feed (a) CH4/CO2/H2O: 1/1/1 and (b) 
CH4/CO2: 3/2 at 1 bar (obtained using ChemCad 6.5.5 software). 
5.2. Experimental 
5.2.1. Catalyst preparation 
The 10 % doped pyrochlore was synthesised as described in Chapter 3. The reference 
supported catalyst was prepared by wet impregnation. The La2Zr2O7 support was prepared 
by the citrate method described in Chapter 3. Ni was impregnated on the prepared 
pyrochlore to reach a Ni loading of 10 wt.%. [Ni(NO3)2·6H2O, Sigma Aldrich, 99.999%] 
was dissolved in absolute ethanol (Fisher Scientific) to form a 1M solution and mixed to 
the support for 2 h. The solvent was removed in a rotary evaporator and the resulting 
powder was dried for 12 h at 100 °C before calcination at 500 °C for 4 h. The reference 
catalyst will be referred as Ni/LZ. 
5.2.2. Catalysts characterisation 
• X-ray powder diffraction 
XRD analysis was undertaken using a PANalytical X’Pert Powder. The samples were 
analysed after calcination and after DRM reaction. The diffraction patterns were recorded 
with Cu K (30 mA, 40 kV) over a 2θ range of 10 to 90°, a position sensitive detector using 
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a step size of 0.05° and a step time of 450 s. The powder XRD patterns were further 
processed using the accompanying software for the equipment, X’PertHighscore Plus. 
• Temperature-programmed oxidation 
Temperature-programmed oxidation (TPO) with O2 experiments were carried out on the 
spent catalysts in a locally built fixed bed quartz reactor coupled with a Pfeiffer Vacuum 
OmniStar GSD 320 mass spectrometer. Samples were exposed to a 3 vol.% O2/Ar gas flow 
from room temperature to 1000 °C, with a heating rate of 10 °C min-1.  
• Raman spectroscopy 
Raman spectroscopy measurements were performed on a Thermo Scientific DXR Raman 
Microscope using a green laser (λ = 532 nm, maximum power 10 mW) with a spot diameter 
of 0.7 µm and a pinhole aperture of 50 µm. A diffraction grating of 900 grooves mm-1, a 
CCD detector and a 50× objective were used. Spectra were recorded using an acquisition 
time of 2 s and 40 scans. 
• Thermogravimetric analysis  
TGA was performed on the pre-calcined powder in an SDT Q600 V8.3 from TA 
Instruments. The sample was ramped from room temperature to 900 °C at a rate of 10 °C 
min-1. Experiments were conducted in 100 mL min-1 of Air. 
5.2.3. Catalytic behaviour 
• BRM 
The BRM catalytic activity tests were performed in a computerised commercial 
Microactivity Reference catalytic reactor (PID Eng&Tech), described previously, 
employing a tubular quartz reactor of 9 mm internal diameter. This equipment is located in 
the University of Sevilla, Spain. The catalyst was sieved and the 100–200 µm fraction was 
used for testing, diluted with quartz to achieve a catalytic bed of 0.32 cm3. Water was 
injected into the system by an HPLC pump (Gilson) before being vaporized and mixed with 
the gas stream before entering the reactor. The composition of the outlet of the reactor was 
followed by on-line gas chromatography using a MicroGC (Varian 4900) equipped with 
Porapak Q and MS-5A columns. Prior to reaction, the catalyst was reduced for 1 h at 700 
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°C in 10 vol.% H2/N2. The gas composition was set to CH4/CO2/H2O/N2: 1/1/1/1 to achieve 
Weight Hourly Space Velocity (WHSV) from 20 to 60 L g-1 h-1. 
The effect of water partial pressure variation on the catalytic activity was also studied at 
700 °C. In these experiments, the total flow was kept constant using N2 to maintain the 
WHSV at 60 L g-1h-1. The feed composition was 25 vol.% CH4 and 25 vol.% CO2 while 
the water concentration was modified taking values of 15 vol.%, 25 vol.% and 35 vol.%. 
• Biogas reforming 
The reforming of various biogas mixtures was performed in a locally built testing rig at the 
University of Surrey and is presented in Figure 5.2. The equipment consists of a down flow 
fixed bed tubular quartz reactor placed in a tubular furnace. The temperature of the catalytic 
bed is monitored by a thermocouple and recorded using PicoLog 5 software. The gaseous 
reactants are mixed in a mixing chamber and fed into the reactor by mass flow controllers 
from Aalborg. A set of 3-valves allows the reactant gases to either pass through the reactor 
or be directly directed to the outlet, hence by-passing the reactor. At the outlet of the reactor, 
a 7 μm particulate filter is installed to protect the system from any fine catalyst particles 
that could have potentially been separated from the fix bed. The gas stream may be 
redirected to a bubble flow meter by means of a 3-valve. At the reactor outlet, the product 
stream passes through two coalescence filters from Headline Filters to separate any liquid 
product. The remaining gas flow is then sent to an online gas chromatograph HP 6890 from 
Agilent equipped with a Carboxen-1000 packed column and a TCD detector. 
 
Figure 5.2. Locally built catalytic experimental set-up. 
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The reforming of biogas was performed on 100 mg of catalyst at a WHSV of 30 L g−1 h−1.  
Prior to reaction, the catalyst was reduced for 1 h at 700 °C in 10 vol.% H2/N2. Temperature 
screening experiments were performed for temperatures ranging from 550 to 850 °C in 50 
°C increments of 45 min. Time dependent experiments were performed at 700 °C for 24 h. 
The catalytic performance was measured for CH4/CO2 molar ratios of 1, 1.25, 1.5 and 1.85 
balanced in N2. These ratios were carefully chosen in order to model biogas mixtures 
produced from a range of residues. Landfill waste produces biogas with methane content 
between 45% and 55%, carbon dioxide content between 30% to 40% and nitrogen between 
5% and 15%. Whereas sewage digesters release from 55% to 65% of methane, from 35% 
to 45% of carbon dioxide and 1% nitrogen and biogas obtained from organic waste 
including agricultural waste and agri-food industry waste usually contains from 60% to 
70% CH4, from 30% to 40% CO2 and 1% N2 [54, 193, 194]. Table 5.1. lists the type of 
biogas source, as well as the corresponding CH4 and CO2 content, being modelled by the 
specific CH4/CO2 molar ratio selected for each reaction. 
Table 5.1. List of biogas sources and the corresponding methane and carbon dioxide 
content, and the resulting CH4/CO2 molar ratio. 
Biogas Source 
CH4 
Content (%) 
CO2 
Content (%) 
CH4/CO2 
Molar Ratio 
Model 
Composition 
50 50 1 
Landfill Waste 55 45 1.25 
Sewage Waste 60 40 1.5 
Organic Waste 65 35 1.85 
5.3. Results and discussion 
5.3.1. BRM 
• Time dependent performance 
The performance of the doped and supported catalysts was tested under DRM and BRM 
conditions at 700 °C for a period of 24h. The CH4 and CO2 conversions under both reaction 
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conditions are shown in Figure 5.3. Under DRM conditions, the doped pyrochlore exhibits 
excellent catalytic activity with CH4 and CO2 conversions of 87% and 90% respectively, 
reaching thermodynamics equilibrium. However, when 25% steam is introduced into the 
system, the conversions decrease to 54% for CH4 and 39% for CO2. The latter is a 
consequence of the thermodynamic constraints when DRM and BRM are coupled and also 
reflects the increased competition of both reactants with the new reactant (water) to reach 
the active sites of the catalysts. Thermodynamics predict a methane conversion of 92% and 
a carbon dioxide conversion of 47%, thus indicating that the results are controlled by 
kinetics. The lower performance of the doped catalyst, in particular in terms of methane 
conversion may be attributed to the reduced activation of H2O on the pyrochlore.  In both 
scenarios, the doped catalyst stabilises very rapidly and shows no deactivation over the 
time frame of the experiments. On the other hand, the supported catalyst deactivates 
rapidly, emphasizing the Ni stabilisation induced by the doping strategy. In dry conditions 
the conversion of CO2 is slightly larger than that of CH4 likely due to the occurrence of the 
reverse water gas shift reaction (RWGS), consuming some of the carbon dioxide as 
reported elsewhere [76]. On the other hand, under BRM conditions, CH4 conversion is 
largely above the one of CO2. When steam is introduced, RWGS is no longer favoured and 
in turn SMR and forward WGS occur, therefore consuming more methane and increasing 
the H2/CO ratio.  
(a) (b) 
  
Figure 5.3. Stability test performed on LNZ10 and Ni/LZ under (a) DRM (CH4/CO2/H2O: 
1/1/0) and (b) BRM (CH4/CO2/H2O: 1/1/1) at P = 1 atm, WHSV= 30 L g
-1 h-1 and  
T = 700 °C. Error bars in (a) are smaller than the symbol. 
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• Effect of water addition 
The Ni-doped pyrochlore catalyst showed great performance in terms of activity and 
stability for both DRM and BRM. In order to tune the H2/CO ratio for downstream 
processes, the effect of steam addition in the feed stream was studied. The catalytic activity 
of the catalyst in terms of CH4 and CO2 conversions and H2/CO ratio as a function of water 
content is shown in Figure 5.4. The performance of the catalyst was tested at relatively high 
space velocity (60 L g-1 h-1) due to equipment limitations.  As expected, the H2/CO ratio of 
the products increases greatly as the water content increases. DRM produces a syngas of 
H2/CO = 0.7 but, by introducing 35% steam, this ratio can be increased to 2.5. For an FT 
unit or a methanol production reactor, a quantity of 30% water would be necessary to obtain 
a H2 rich syngas or metgas of H2/CO = 2. It seems however that the improvement in 
selectivity is made at the expense of conversion. Indeed, as more water is introduced the 
reactant conversion decreases. Water may promote the SMR reaction but overall, the 
catalytic activity of the pyrochlore catalyst decreases. Thermodynamically, the addition of 
water should lead to larger CH4 conversion but a reduced CO2 conversion. The observed 
decrease in both conversions is possibly due to a change in the kinetics of the reaction 
induced by water introduction. To the best of our knowledge, no kinetic or mechanistic 
study has been conducted on BRM to date using a comparable reactants mixture. However, 
SMR kinetics have been studied. Various studies in the literature have claimed a negative 
order of steam for SMR [195, 196]. The dependence of steam on the rate of reaction can be 
due to the competition between CH4 and H2O on the catalyst active sites as previously 
reported elsewhere and in good agreement with our trends [197]. 
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Figure 5.4. Water content effect on CH4 and CO2 conversions and H2/CO ratio 
(CH4/CO2:1, P=1 atm, T = 700 °C, WHSV= 60 L g
-1 h-1). 
• Space velocity effect 
Space velocity is a major parameter to consider for scaling up. It determines the volume of 
the reforming unit and the amount of catalyst needed. The space velocity effect was 
investigated under BRM conditions with 25% of steam and the results are shown in Figure 
5.5. Overall conversions of CH4 and CO2 decrease by increasing the space velocity, 
although the selectivity remains unchanged. At high space velocity, conversions are far 
from equilibrium values. However, when the space velocity is decreased to 20 L g-1 h-1, 
CO2 conversion nearly reaches the thermodynamic value. CH4 on the other hand seems to 
be more affected by WHSV as a more significant decrease in conversion is observed when 
WHSV is increased. This observation actually reflects the fact that methane activation is 
the rate limiting step for this reaction [195] and therefore the conversion of this reactant is 
very sensitive to the operation conditions and the catalyst choice. In any case, the fact that 
our catalyst can maintain a H2/CO ratio of over 1.5 (very close to the equilibrium limit) is 
a commendable achievement for the pyrochlore-perovskite material which reflects the 
potential of this advanced catalyst for hydrogen-rich syngas production.  
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Figure 5.5. Space velocity effect on H2/CO ratio and CH4 and CO2 conversion (P = 1 
atm, CH4/CO2/H2O: 1/1/1, T = 700 °C). 
• Temperature effect 
The effect of temperature in BRM conditions was studied using a feed containing 25% of 
water and results are shown in Figure 5.6. An increase in conversion is observed as the 
temperature increases as the thermodynamics predicts. At low temperature methane 
conversion is low and far away from equilibrium but as the temperature increases it gets 
closer to the equilibrium values and reaches a conversion of 80% at 750 °C. The low 
methane conversion at low temperature can be related to the high activation energy of CH4. 
Methane needs high temperature to overcome the energy barrier necessary for its activation. 
Similarly to methane, CO2 conversion is lower than the equilibrium at low temperature but 
gets closer to it as the temperature increases. At 750 °C, CO2 conversion is only 2% below 
equilibrium reaching 51% conversion. In terms of selectivity, the H2/CO ratio follows the 
equilibrium trend and decreases slightly with the temperature. 
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Figure 5.6. Temperature effect on CH4 and CO2 conversions and H2/CO ratio 
(CH4/CO2/H2O: 1/1/1, P=1 atm, WHSV= 30 L g
-1 h-1). The thermodynamic equilibrium 
conversions are plotted in dashes. 
• Post reaction characterisation 
Carbon is a side product of CO2-reforming reactions and is the main cause of catalyst 
deactivation. Carbonaceous species potentially formed on the catalyst were quantified and 
identified by temperature programmed oxidation. The CO2 production profiles of doped 
samples that have undergone DRM and BRM with different amount of steam are shown in 
Figure 5.7.a. This analysis shows that no carbon was formed on the catalyst when water 
was introduced into the system. Indeed, under BRM conditions, carbon formation is 
minimised due to the reverse CO reduction reaction (C(s) + H2O → CO + H2). The presence 
of steam prevents the deactivation of the catalyst by carbon formation. However, under 
DRM conditions (i.e. 0% water) a significant amount of carbon was formed (10 mgC/gcat). 
Three different oxidation processes can be distinguished corresponding to different 
carbonaceous species. The low temperature peak at 270 °C is attributed to the gasification 
of Cα amorphous carbon. Cα are believed to be active species in reforming, originating from 
nickel carbide produced during methane decomposition [198]. The second process between 
400 and 600 °C corresponds to Cβ filament carbon. This type of carbon can be eliminated 
at relatively low temperature [72]. Finally, the third peak, at 790 °C, corresponds to the 
oxidation of more graphitic carbon, inert and requiring high temperature to remove. 
Nonetheless, the addition of water (BRM mode) heavily mitigates the impact of carbon 
deposition resulting in a stable catalyst to produce H2-rich syngas streams. The Raman 
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analysis presented in Figure 5.7.b. supports this claim. No evidence of carbon species was 
found on the samples after BRM reaction. The sole active Raman modes in these samples 
are those of the pyrochlore, described in Chapter 3. However, the typical D and G bands of 
multiwall carbon nanotubes were observed at 1342 and 1576 cm-1 respectively on the 
sample after DRM. 
(a) (b) 
  
Figure 5.7. (a)TPO profiles and (b) Raman spectra of LNZ10 after reaction at 700 °C 
and 60 L g-1 h-1under various water content. 
Structural analysis was performed on the doped and reference samples after 24 hours of 
reaction at 700 °C under DRM and BRM conditions and the XRD profiles are shown in 
Figure 5.8. The reference catalyst only presents the characteristic diffraction peaks of the 
pyrochlore and Ni metallic phases. No evidence of decomposition was observed as no sign 
of lanthanum and zirconium oxides was detected. The poor activity of the reference catalyst 
can be related to the size of the Ni clusters. Indeed, impregnation of Ni on the pyrochlore 
with low surface area (12 m2/g, Table 3.1.), led to Ni particles of ca. 66 nm. The DRM 
conditions favoured sintering of the metallic phase resulting in Ni clusters of ca. 78 nm. 
Under BRM conditions the catalyst completely deactivated in 10 hours, however no carbon 
deposition was measured. Since no NiO trace was detected, deactivation due to nickel re-
oxidation in the presence of steam is unlikely. Nevertheless, the crystallite size of Ni was 
estimated at 85 nm which is much larger than the size obtained in the absence of steam. 
Indeed, steam accelerates nickel nano-particle sintering in reducing atmosphere [199, 200]. 
This behaviour is attributed to increased mobility of metal atoms due to adsorbed water or 
hydroxyl groups. A study from Sehested et. al. suggests that under steam and hydrogen 
atmosphere, OH-bonded nickel dimers have a lower formation energy than Ni adatoms. 
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Hence, Ni2-OH dimers are dominating the surface. Since the mass transport due to the 
dimer is about 700 times higher than that of nickel adatoms, they consequently favour 
sintering via particle migration and coalescence [83]. 
The XRD profile of the doped catalyst after DRM was previously discussed in Chapter 4. 
Ni exsolution from the mixed oxide lattice is observed as well as its subsequent 
agglomeration. Traces of La2O3 are also observed resulting from the decomposition of the 
La2ZrNiO6 double perovskite phase. The same phenomenon is observed for the sample that 
underwent BRM conditions. However, in the case of the doped catalyst, steam induced 
sintering was limited. Ni crystallite size in dry condition was estimated at 21 nm whereas 
in wet conditions, Ni is ca. 22 nm. Hence, Ni sintering is inevitable, however it may be 
postponed with the careful design of the catalyst. 
(a) (b) 
  
Figure 5.8. XRD profiles of (a) Ni/LZ and (b) LNZ10: (1) reduced, (2) after DRM and (3) 
after BRM. 
5.3.2. Biogas reforming 
• Temperature effect 
Dry reforming of various biogas mixtures was performed on LNZ10. The effect of 
temperature on CH4 and CO2 conversions is represented in Figure 5.9. The catalyst 
achieved high conversions at relatively low temperatures. Thermodynamic equilibrium 
conversions were reached at temperature above 700 °C. The conversion of methane 
decreased with increasing methane content. In particular, methane conversion is limited at 
high temperature as suggested by thermodynamic calculations. CO2 conversions on the 
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other hand, are very similar between biogas feedstocks. For CH4/CO2 superior to 1, CO2 is 
the limiting reactant resulting in high conversions. 
(a) (b) 
  
Figure 5.9. Temperature dependent reaction using different biogas feedstock on LNZ10 
(a) CH4 conversion and (b) CO2 conversion. 
• Time dependent performance 
Long-term stability tests were carried out at 700 °C on the doped and supported catalysts. 
CH4 and CO2 conversion as a function of time are displayed in Figure 5.10. for various 
biogas feedstock. The doped catalyst displayed relatively stable activity. For biogas 
mixtures with relatively low methane content, CH4/CO2 of 1 and 1.25, a small deactivation 
was observed initially before stabilisation of the conversion after 15 hours. On the other 
hand, constant deactivation was observed for methane-rich biogas mixture. In particular, 
organic waste originated biogas triggered a deactivation of about 25 % in conversion. 
Indeed, excess methane relative to the proportion of oxidant implies carbon formation 
through the cracking of methane. In comparison, the supported catalyst showed continuous 
deactivation for all the range of biogas feedstocks. A deactivation of about 30 % in 
conversion was observed for the lowest methane containing biogas. Indeed, the large Ni 
clusters present on the Ni/LZ catalyst favour carbon deposition [201]. Hence the design 
strategy of the pyrochlore-perovskite clearly prevents carbon formation at relatively low 
CH4/CO2 ratio. 
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(a) (b) 
  
(c) (d) 
  
Figure 5.10. Stability test using different biogas feedstock on LNZ10 (a) CH4 conversion, 
(b) CO2 conversion and on Ni/LZ (c) CH4 conversion, (d) CO2 conversion. 
• Carbonaceous deposits evaluation 
Thermogravimetric analysis was conducted on the samples after reacting for 24 hours to 
estimate the coke formation during reaction. Figure 5.11. shows the effect of biogas mixture 
on coke deposition. A slight weight gain is observed on all samples at 400 °C corresponding 
to the oxidation of nickel. Very limited carbon formation was detected on the doped catalyst 
after reforming of the model mixture and landfill waste produced biogas. This is in good 
agreement with the catalytic data. The activity stabilised after 15 hours of reaction and 
showed limited deactivation. Only 15 mgC gcat
-1 was formed using model biogas whereas 
for sewage derived biogas, 141 mgC gcat
-1 was formed. It appears that the doped catalyst is 
able to resist carbon deposition for CH4/CO2 mixture up to 1.25. Beyond this ratio, the 
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catalyst displayed steady deactivation. Under methane rich biogas, methane decomposition 
is favoured, hence forming more coke on the catalyst. In comparison, the reference catalyst 
displayed important amount of coke for all tested mixtures. An outstanding amount of coke 
was formed during the reforming of the model mixture, 85.8 mgC gcat
-1
, despite the 
equimolar amount of oxidant. At higher CH4/CO2 ratios however, the amount of carbon 
deposits is quite similar between the two catalysts, highlighting the threshold of methane 
content that the doped catalyst can fully oxidise to CO. 
(a) (b) 
  
Figure 5.11. TGA of the samples after stability test. (a) LNZ10 and (b) Ni/LZ 
5.4. Conclusions 
This chapter provides evidence of the excellent performance of a Nickel-doped pyrochlore 
catalyst for chemical CO2 recycling via DRM and BRM. Structural analysis previously 
revealed the presence of the pyrochlore and a secondary double perovskite phase which 
constitutes the basis of this novel catalyst. After the reaction, small Ni clusters are present 
on the surface of the catalyst as suggested by XRD. In fact, it is very likely that active Ni 
clusters are exsolved from the pyrochlore during BRM and DRM leading to highly 
dispersed active ensembles which account for the high activity and stability of the catalyst 
during both reactions. Especially during the reforming of methane-rich biogas mixtures, 
the small Ni particles allowed an exceptional carbon resistance in comparison to an 
impregnated catalyst. The supported catalyst deactivated in all tested conditions. In 
particular, steam accelerated the sintering of the Ni clusters. Very importantly, the H2/CO 
ratio produced by the catalyst can be fine-tuned by introducing steam into the system, 
enabling a flexible syngas production for a variety of applications. Our engineered catalyst 
0 200 400 600 800
70
75
80
85
90
95
100
14.13 %
17.05 %
2.67 %
W
e
ig
h
t 
(%
)
Temperature (°C)
 CH4/CO2: 1
 CH4/CO2: 1.25
 CH4/CO2: 1.5
 CH4/CO2: 1.85
1.5 %
0 200 400 600 800
70
75
80
85
90
95
100
15.22 %
19.60 %
8.58 %
 CH4/CO2: 1
 CH4/CO2: 1.25
 CH4/CO2: 1.5
 CH4/CO2: 1.85
W
e
ig
h
t 
(%
)
Temperature (°C)
10.47 %
Chapter 5 – Reforming of various feed compositions 
97 
 
also allows adjustment of the syngas ratio under different reactions conditions such as 
temperature and space time, thus making it very versatile when process integration is 
considered.  As an additional advantage, carbon deposition over the pyrochlore-perovskite 
catalyst is fully eliminated when steam is added to the reforming mixtures.  
Overall, this chapter showcases a strategy to design highly effective heterogeneous 
catalysts for gas-phase CO2 valorisation – the stabilisation of Ni particles on a complex 
mixed oxide structure resulting in a powerful dry and bi-reforming catalyst able to deliver 
customised syngas from biogas, for chemical synthesis. 
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Chapter 6. 
 
Intrinsic insights 
 
 
6.1. Introduction 
In the previous chapters, a new generation of catalysts was developed and tested for CO2 
reforming reactions. The introduction of nickel in a crystalline mixed oxide phase was 
found to result in a very active and robust catalyst. In particular, the 10 wt.% Ni catalyst 
displayed high activity for dry reforming and mechanistic insights are of interest to further 
understand the role of the catalyst during DRM. Indeed, methane decomposition and carbon 
formation are part of the DRM mechanism and the stability of the catalyst is closely related 
to the successful gasification of adsorbed carbon and CO production. Various routes are 
possible leading to the formation of CO, including the formation of several intermediate 
species such as formates, carbonyls and carbonates. Specifically, an Operando Diffusive 
Reflectance Infrared Fourier Transformed Spectroscopy (DRIFTS) study is conducted in 
this chapter on LNZ10 to determine the mechanistic route leading to carbon mitigation. 
In addition, the nickel loading in the catalyst’s formulation has an important impact on the 
structure and the performance in DRM. In fact, the introduction of nickel at loadings 
inferior to 5 wt.% supposedly resulted in a doped pyrochlore in addition to small nickel 
particles decorating the surface of the pyrochlore. Nevertheless, these loadings are below 
the detection limit of XRD and direct evidence of Ni doping, or Ni nanoparticles are still 
needed. In particular, the 10 wt.% Ni catalyst displayed the best performance. Previous 
characterisation suggested that Ni was present in the pyrochlore phase, in the double 
perovskite phase and on the surface of the catalyst, as finely dispersed nanoparticles. The 
double perovskite phase did not reduce or decompose after 360 hours of reaction although 
nickel particles were found to form on the surface. It is well known that the active phase 
for dry reforming is nickel metallic. Since the nickel oxidation state in the double perovskite 
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is 2, the reaction mechanism and accessibility of nickel in this structure is questioned. 
Hence, the aim of this chapter is to investigate the environment of Ni in this structure. More 
precisely, a time-resolved X-Ray Absorption Spectroscopy (XAS) study was performed on 
various doped and supported pyrochlores. In situ reduction of the catalytic species was 
performed to evaluate the changes in the nickel environment as it is exsolved from the host 
lattice. 
6.2. Experimental 
6.2.1. Operando Diffusive reflectance infrared Fourier transformed spectroscopy 
(DRIFTS)  
DRIFTS is an important tool in heterogeneous catalysis due to its applicability in operando 
studies, providing information on the surface species formed during the reaction. 
Unrevealing intermediate surface compounds allows the determination of the surface 
reaction mechanism. Indeed, an adsorbed molecule acts like an oscillating dipole. The 
vibration frequency of an adsorbed molecule depends on the coordination number of the 
adsorbing centres on the surface. Thus, it is possible to identify how a reactive molecule 
adsorbs on the surface, and which centres are active.  
When an IR beam is directed towards a sample, the radiation can be reflected off the sample 
surface without being absorbed, this is called specular reflectance [202]. If the radiation 
penetrates the particles before scattering off the sample, it is called diffuse reflectance. This 
scattered energy is oriented by means of mirrors to the detector in the spectrometer, that 
generates a spectrum. The interpretation of the diffusive radiation is based on the Kubelka-
Munk equation: 
𝜅
𝜎
=
(1 − 𝑅∞)
2
2𝑅∞
 (6.1) 
where κ is the absorption coefficient which depends on the frequency, σ is the dispersion 
coefficient and 𝑅∞ is the reflectance of a layer so thick of the sample that further increase 
of the thickness does not change the reflectance. The DRIFTS spectra characterize the 
sample qualitatively and quantitatively by similar principles as any absorption 
spectroscopy.  
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In this chapter, Operando DRIFTS measurements were performed in a high-temperature 
environmental reaction cell supported in a Praying Mantis (Harrick) DRIFTS optical 
system with ZnSe windows, shown in Figure 6.1. The spectra were recorded using a 
Thermo Nicolet Nexus FTIR spectrometer equipped with a liquid N2 cooled MCT detector 
at 4 cm−1 of resolution and an average of 64 scans. The optical path was continuously 
purged with nitrogen and the spectrum of an aluminium mirror was used as a background. 
About 25 mg of finely ground catalyst were loaded in the cell for each experiment. The 
gases pass through the catalyst packed-bed, mimicking a plug flow reactor.  
(a) (b) 
 
 
Figure 6.1.Praying Mantis DRIFTS high temperature reaction chamber. 
Figure 6.2. represents the set up used for the operando DRIFTS. The gas mixture was 
introduced into the IR cell by means of MFCs from Aalborg and heated pipelines to avoid 
any water condensation. The concentration of CO2 was measured using a VAISALA 
CO2 analyser and gas composition at the outlet of the cell was monitored by an online mass 
spectrometer Prisma plus from Pfeiffer Vacuum. This equipment set-up is located at the 
University of Sevilla, Spain. 
Prior to the measurements, the catalyst was activated in situ at 650 °C in 10 vol.% H2/Ar 
with a total flow of 30 mL min-1. The DRM reaction was performed by feeding a mixture 
of 5 mL min-1 of CH4 and 5 mL min-1 of CO2 balanced in Ar for a total flow rate of 
30 mL min-1 into the DRIFTS cell. The temperature was increased from 450 °C to 750 °C 
with intervals of 50 °C. The concentrations of CH4, CO2 and CO were estimated by 
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integration of the band area of ν (C-H) attributed to gas phase CH4 (from 3003 to 3023 
cm-1), the band area of ν (C=O) stretch attributed to gas phase CO2 (from 2280 to 2400 
cm–1) and the doublet of gaseous CO (using the area between 2025 and 2143 cm−1) 
respectively. A calibration was performed by flowing CH4, CO2 and CO in Ar mixtures 
over a standard α -Al2O3 powder at different temperatures to obtain the relationship 
between the band areas and the partial pressure of gases inside the cell. In the temperature 
range used, no reaction between the gases introduced and α-Al2O3 was observed. In 
particular, 2, 4, 6 and 8 vol.% of each gas balanced in argon was used for the calibration. 
The thermal effect was considered and calibrated, since as temperature increases, the 
intensity of gaseous compounds DRIFTS signal decreases. 
Time resolved cycle experiments with CH4 and CO2 were performed under isothermal 
conditions at 550 °C. Typically, 5 mL min-1 of reactant in 25 mL min-1 of Ar were 
introduced for 15 min and each cycle was preceded by a 15 min Argon purge. The data 
were analysed the Thermo Scientific OMNIC Spectra Software. The spectra are presented 
in absorbance units. 
 
Figure 6.2. Operando DRIFTS set up. 1) MFC, 2) Vaisala, 3) Gas mixture control panel, 
4) FTIR Spectrometer, 5) Cell and pipes temperature controllers and 6) Mass 
Spectrometer. 
6.2.2. X-Ray Absorption Spectroscopy (XAS) 
X-ray Absorption Spectroscopy (XAS) includes both Extended X-Ray Absorption Fine 
Structure (EXAFS) and X-ray Absorption Near Edge Structure (XANES). It is a technique 
used to study the electronic properties and the structure of various compounds of diverse 
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physical form. XAS is an element selective technique and is often located in a synchrotron 
facility due to its reliance on highly tunable and intense X-ray source. 
In an atom, each core shell has a defined binding energy. In terms of energy, X-rays have 
the potential to eject a core electron from an atom. Hence, when the energy of the X-rays 
meets the binding energy of a specific core shell, the absorption drastically increases 
leading to an absorption edge. XAS is the measurement of the X-ray absorption coefficient 
of a material as a function of the incident photon energy. Each absorption edge is 
representative of a specific core-electron binding energy and is named K, L or M depending 
on the electron excited. The excited electron is forced from its stationary orbital to 
continuum. It is then scattered by surrounding non-excited atoms causing oscillations above 
the edge. The ejected photoelectron is considered to have a wave-like nature and the 
surrounding atoms are described as point scatters. When the outgoing and backscattered 
waves are in phase, the resulting interference is constructive causing a local maximum in 
cross-section absorption. In the same manner a destructive interference gives way to a local 
minimum in absorbance.  
The X-ray absorption spectra can be divided in two regions. First the XANES region, 
including the pre-edge region where weak transitions below the edge occur, the white line 
and the immediate vicinity of the edge jump. XANES is sensitive to the coordination 
environment of the absorbing atom and can be used to determine the average oxidation 
state of the element. Then, the EXAFS region which accounts for the oscillations after the 
edge and can range up to 1000 eV after the edge. EXAFS is used to determine the local 
atomic structure (number and chemical description of the neighbour atoms). 
X-ray absorption obeys Beer-Lambert’s law which relates the X-ray’s incident (𝐼0) and 
transmitted (𝐼𝑡) intensities.  
𝐼𝑡 = 𝐼0𝑒
−µ𝑡 (6.2) 
For X-rays, the intensity is proportional to the number of X-ray photons. The number of X-
ray photons that are transmitted through a sample (𝐼𝑡) is equal to the number of X-ray 
photons shone on the sample (𝐼0) multiplied by a decreasing exponential that depends on 
the absorption coefficient μ and the thickness of the sample t. The absorption coefficient μ, 
expresses the probability of the x-rays to be absorbed by the sample and is dependent on 
the sample’s density, atomic number, atomic mass and is a function of energy [203]. 
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In XAS analysis, the absorption coefficient μ (E) is measured and is typically plotted 
against energy. The pre-edge line is subtracted to remove any instrumental background or 
absorption from other edges. The threshold energy 𝐸0 is determined and corresponds to the 
binding energy of the photoelectron. μ (E) is then normalised from 0 to 1 to represent the 
absorption of one X-ray. 𝜇0  (E) is the absorption of an isolated atom, that would be 
observed in absence of EXAFS effects. It cannot be directly measured but can be 
approximated by removing a smooth spline post edge function from the data. Since the 
photo-electron ejected has a wave behaviour, it is suitable to express EXAFS in terms of 
wavenumber k. k has the dimension of the inverse of a distance and is defined as 
𝑘 = √
2𝑚𝑒(𝐸 − 𝐸0)
ħ2
 (6.3) 
where 𝑚𝑒 is the electron mass and ħ the reduced Planck constant. From this, the EXAFS 
function χ (k) can be defined as  
𝜒 (𝑘) =
𝜇 (𝐸) − 𝜇0 (𝐸)
𝜇0 (𝐸)
 (6.4) 
This way, the EXAFS oscillations are normalised per atom and allow the interpretation of 
the average structure around the absorbing atom. The EXAFS function is usually multiplied 
by k2 to amplify the oscillation at high k. Finally, the Fourier Transform (FT) of k2 χ (k) is 
taken and the magnitude |χ (R)| is obtained, where R is the distance between the absorbing 
atom and the neighbour atom. 
In a typical experimental set up, the synchrotron X-ray beam is directed towards a 
collimating mirror which curvature is chosen to optimise the energy resolution and beam 
intensity. The collimated beam is then monochromatized by pairs of Si (111) and Si (311) 
crystals. This step decreases the flux intensity by 2 but improves significantly the energy 
resolution. The beam is then focused towards the sample by a toroidal focusing mirror 
[204]. The resulting X-rays of a narrow energy resolution are focused in the optical hutch 
on the sample using a set of slits and an array of filters to control the beam intensity. Three 
ionization chambers allow to record the incident and transmitted photon flux as well as the 
one of a reference as represented in  Figure 6.3. 
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Figure 6.3. CLÆSS experimental hutch layout. 
XAS (EXAFS and XANES regions) was recorded at the BL22 beamline (CLÆSS) of the 
ALBA synchrotron facility, Spain. An optimum weight of sample to maximize the 
signal/noise ratio in the ionization chambers was diluted in BN (Sigma Aldrich) and 
analysed in transmission mode in a multipurpose “in situ” cell for gas-solid reactions shown 
in Figure 6.4. XAS spectra of the Ni K-edge (8333 eV) were recorded from 8250 to 9400 
eV, with a step of 1.1 eV across the XANES region. A standard Ni-foil was measured and 
used for energy calibration. NiO and La2ZrNiO6 reference materials were measured for 
data analysis. Ex situ spectra were recorded at room temperature under He atmosphere 
using a He flow of 50 mL min-1. In situ XAS spectra were collected during temperature 
programmed treatments of the samples in 3.5% H2/He-N2 flow (50 mL min−1) and 15% 
O2/He-N2 flow (50 mL min−1). A 3 °C min-1 temperature ramp was applied from room 
temperature to 700 °C and samples were maintained at this temperature for 1 h prior cooling 
down in He. XAS spectra were collected from 8250 to 8950 eV every 12 °C or 4 min during 
the heating. Both the XANES and EXAFS data were analysed by using standard procedures 
with the Athena software.  
 
Figure 6.4. XAS multipurpose cell set up at the CLÆSS beamline. 
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6.3. Results and discussion 
6.3.1. Operando DRIFTS study 
6.3.1.1. CO2 adsorption study 
The activation of CO2 is one of the key steps of the dry reforming of methane reaction. The 
mildly acidic character of CO2 promotes its activation on basic metal oxide sites. In 
addition, Ni is able to activate CO2 by electron transfer, forming a surface radical CO2
-. 
The radical can later dissociate to CO and O on the surface or form adsorbed CO3
2- and CO 
through disproportionation [52].  
The chemisorption of CO2 on metal oxide surfaces results in four types of species. First, 
carbonates, of general formula CO3
2-, derive from the reaction CO2 with the O sites of the 
oxide. Free carbonate ions in D3h symmetry have an active IR band at 1415 cm−1 
corresponding to the asymmetric ν(CO) vibration. Monodentate species appear with two 
bands at around 1370 and 1530 cm-1. Bidentate species resulting from two metal-oxygen 
interactions, observe large bands between 1280-1310 and 1600-1670. And, bridged 
structures generated from the interaction of CO2 with two metal oxide sites are observed 
within 1260 and 1750-1900 cm-1. Then, bicarbonate species, of formula HCO3
-, are formed 
through reaction of CO2 with surface OH. They are visible through multiple bands, in the 
OH region and around 1400-1500 cm−1 and 1620 cm−1 for the symmetric and asymmetric 
OCO stretching vibrations. Reduction of bicarbonate can lead to the formation of formates 
spotted with bands around 1340-1390 and 1580-1620 cm−1. The possible species formed, 
and their associated band range are described in Table 6.1. 
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Table 6.1. IR bands associated with CO2 chemisorbed species. Adapted from [205]. 
Species Wavenumber (cm-1) Structure 
Free carbonate 
νas: 1415-1470 
 
Monodentate carbonate 
γCO: 980-1050 
νs: 1330-1390 
νas: 1420-1540 
 
Bidentate carbonate 
γCO: 980-1050 
νas: 1280-1310 
νs: 1600-1670 
 
Bridged carbonate 
γCOO-: 1000 
νas: 1250-1280 
νs: 1780-1840 
 
Bicarbonate 
γOH: 1225 
νs: 1400-1500 
νas: 1615-1630 
γOH: 3600 
 
Carboxylate 
νs: 1350-1390 
νas: 1570-1630 
 
Formate 
νs: 1340-1390 
νas: 1580-1620 
νCH: 2740-2850  
 
Chapter 6 – Intrinsic insights 
108 
 
CO2 adsorption experiment was carried out on the reduced in situ 10% doped pyrochlore. 
The resulting time resolved DRIFT spectra are shown in Figure 6.5. Three band regions 
can be identified. The IR bands between 2250 and 2400 cm−1 correspond to gaseous CO2 
and the two weak bands between 2100 and 2250 cm−1 correspond to CO in the gas phase. 
The peaks at 1376 and 1472 cm−1 are attributed to monodentate carbonates exclusively. 
The way in which CO2 adsorbs is dependent on the chemical nature of the surface oxygen 
atoms. The presence of carbonates is indicative of basic sites, in good agreement with the 
CO2-TPD results in Chapter 3. In particular, the presence of monodentate carbonates 
implies isolated or low coordination surface O2- anion that accounts for strong basic sites 
[82]. Indeed, CO2-TPD results showed two peaks at 445 and 650 °C, corresponding to 
intermediate strength and strong basic site. 
Although the temporal evolution of the bands is rather explicit since the band intensity of 
carbonates increases with the introduction of CO2, the evolution of gaseous CO is more 
clearly represented in Figure 6.6. The presence of CO(g) reveals that dissociative CO2 
adsorption occurs on the surface of the catalyst and more precisely on the metallic sites. 
However, no trace of metal carbonyl was detected in the 1800 to 2100 cm-1 region, 
indicating that the reaction must be too rapid to be detected under the tested conditions. It 
is nonetheless important to note that the CO gas-phase bands decrease over time, meaning 
that all the metallic surface is passivated by adsorbed oxygen. 
 
Figure 6.5. Time resolved DRIFT spectra collected at 550 °C under 16 vol.% CO2/Ar. 
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Figure 6.6.Temporal evolution of the gaseous CO region during CO2 adsorption. DRIFT 
spectra collected at 550 °C under 16 vol.% CO2/Ar. 
In order to observe the activation of CO2 under realistic reaction conditions, methane was 
pre-adsorbed on the sample at 550 °C for 15 minutes. CO2 adsorption was then performed 
at 550 °C for 15 minutes and the operando transient spectra are shown in Figure 6.7. CH4 
dissociation occurred during the methane adsorption cycle since hydrogen production was 
detected by the online mass spectrometer. As a result, adsorbed C* and H* sites are present 
on the Ni surface after the methane adsorption cycle. When CO2 is introduced, monodentate 
carbonate are formed again, most probably on lanthanum oxide sites. The absence of 
bicarbonate species suggests that no surface hydroxyl groups were formed after methane 
dissociation. The production of CO is initiated and can be seen more clearly in Figure 6.8. 
It appears that the bands of CO in gas phase are more intense than the ones of CO2 
adsorption on a clean surface. Adsorbed H and C resulting from methane dissociation may 
promote CO2 dissociation, inducing CO production [206].  
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Figure 6.7. Operando DRIFT spectra collected at 550 °C as the feed gas was switched 
from 16 vol.% CH4/Ar to 16 vol.% CO2/Ar. 
 
Figure 6.8. Temporal evolution of the gaseous CO region during CO2 adsorption on a 
CH4-preasorbed surface. DRIFT spectra collected at 550 °C under 16 vol.% CO2/Ar. 
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Operando DRIFTS is a very useful tool to investigate the nature of the active sites and to 
determine the possible intermediate adsorbed species during the reaction. DRM was 
performed in the DRIFTS cell after in situ reduction of the 10% doped pyrochlore. The 
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results are presented in Figure 6.9. The IR bands attributed to gaseous CH4 and CO2 at 3015 
cm-1 and 2343 cm–1 respectively are decreasing in intensity as temperature increases, 
indicating the consumption of those gases through DRM. The doublet bands of gaseous CO 
at 2170 and 2120 cm−1 is also detected and the quantity of CO produced increases with 
temperature. Similarly to our previous CO2 adsorption experiment, no carbonyl species are 
detected, whether linear or bridged, although CO2 dissociation is evidenced. The presence 
of monodentate carbonates is also observed at 1376 and 1472 cm−1. The more the 
temperature increases, the more CO2 seems to be trapped over the lanthanum oxide surface. 
The absence of band related to OH vibration in the 3600 cm-1 region and the absence of 
any other adsorbed species than carbonates prevents any mechanistic interpretation. 
 
Figure 6.9. Operando DRIFT spectra recorded during DRM reaction in the temperature 
range from 450 °C to 750 °C. Reaction conditions: P = 1 atm, CH4/CO2 = 1,  
WHSV = 64 L g-1 h-1. 
From the spectroscopic data, the conversion of reactant was calculated and is plotted in 
Figure 6.10.  The amount of catalyst used in this experiment is limited by the volume of 
the catalytic bed in the DRIFTS cell. Therefore, the space velocity used here was much 
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higher than the one of the previous chapters. As a result, the overall conversion of reactant 
is relatively low and well below equilibrium conditions, indicating a kinetic regime. This 
allows for the estimation of the activation energy of reactant consumption and product 
formation. The apparent reaction rate can be defined as the number of reactant molecule 
converted or product molecule formed, per active site, per unit of time. The estimation of 
the reaction rate is highly sensitive to the exact number of active sites present in the catalyst 
and here they cannot be accurately estimated. Here all the nickel atoms introduced in the 
catalyst are considered to be active, to approximate the activation energies. The apparent 
rate of reaction r was estimated by using the following equation:  
𝑟 =
𝑚𝑜𝑙𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑜𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑜𝑟𝑚𝑒𝑑
𝑚𝑜𝑙𝑁𝑖
  (s-1) (6.5) 
The Arrhenius equation is used to calculate the apparent activation energy of a reaction and 
is defined by: 
𝑘𝑐 = 𝐴𝑒
−
𝐸𝑎
𝑅𝑔𝑇 (6.6) 
where kc is the rate constant (here the apparent reaction rate r is used), T is the reaction 
temperature (in Kelvin), A is the pre-exponential factor, 𝐸𝑎 is the activation energy for the 
chemical reaction, and 𝑅𝑔  is the universal gas constant. The resulting Arrhenius plots are 
shown in Figure 6.11. The apparent activation energy of CO2 consumption, 31 kJ mol
-1 and 
CH4 consumption, 13 kJ mol
-1 are indicative of a diffusion regime. This may explain the 
absence of visible intermediate species adsorbed on the surface. The apparent activation 
energy of CO formation on the other hand, can be interpreted and reaches 92 kJ mol-1. This 
value is within the range of reported CO formation apparent activation energy for Ni based 
catalysts [207, 208]. 
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Figure 6.10. Reactant conversion against temperature measured in the DRIFTS cell. 
Reaction conditions: P = 1 atm, CH4/CO2 = 1, WHSV = 64 L g
-1 h-1. 
(a) (b) 
  
Figure 6.11. Arrhenius plots for (a) CO2 and CH4 consumption and (b) CO formation. 
6.3.2. XAS study 
XAS is an excellent tool to obtain information from a sample that other characteristic 
techniques cannot detect, especially when it comes to nanoparticles. While XRD and TEM 
have limited resolutions, XAS is element specific and allows the detection of the smallest 
nanoparticles. In order to understand to location and environment of Ni in the various doped 
catalyst, XAS analysis was performed on the doped catalysts and compared to the 10% Ni 
supported catalyst Ni/LZ and reference materials. 
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6.3.2.1. Ex situ XAS: initial species 
The ambient temperature Ni K-edge XANES of Ni/LZ, LNZ5 and LNZ10 are displayed in 
Figure 6.12.a and are compared to the reference NiO and La2ZrNiO6. The Ni/LZ profile 
exactly corresponds to the reference NiO. In accordance with the XRD data, the supported 
catalyst is exclusively composed of NiO species. The LNZ5 and LNZ10 data on the other 
hand, lie between the two standards. The clear difference between the LNZ5, LNZ10 and 
NiO highlights the different environment of Ni in those samples, thus indicating the 
possible presence of Ni in the pyrochlore lattice, as in the LNZ5 sample or in a double 
perovskite structure. All samples present a pre-edge feature at around 8332.5 eV which is 
the result of the 1s → 3d transitions and is typical of an oxide-type phase [209]. The more 
pronounced pre-edge feature in LNZ5 and LNZ10 is suggesting a stronger Ni-O bonding 
in comparison to NiO which is consistent with the substitution of Ni in the 
pyrochlore/perovskite lattice [210]. The position of the edge was determined using the first 
derivative data in Figure 6.12.b. All samples present an edge at around 8345 eV which is 
characteristic of Ni2+. However, the 5 and 10% doped samples’ edge is slightly shifted 
towards higher energy which could be indicative of lower electron density. Therefore, all 
samples show initially oxidized Ni2+ species but there are clear differences in their local 
environment: in the case of Ni/LZ the spectrum clearly corresponds to the assignment of 
NiO species, while in LNZ5 and LNZ10 the spectral shape differs and is closer to that of 
double perovskite, suggesting that Ni centres are found as substituents in the perovskite or 
pyrochlore structure. Slight differences in the position of the edge and intensity of the pre-
edge feature also support this conclusion indicating electronic differences compared to the 
NiO reference. 
In order to retrieve a more detailed picture of the local structure surrounding the Ni ions, 
an extended analysis of the EXAFS data was performed. The Fourier Transform (FT) of 
the EXAFS k2 χ (k) obtained for the as-prepared NiO, La2ZrNiO6, Ni/LZ, LNZ5 and LNZ10 
is shown in Figure 6.12.c. The NiO reference and Ni/LZ profiles are similar. The first 
coordination shell corresponds to Ni-O at the phase-uncorrected bond length 1.6 Å while 
the second coordination shell corresponds to Ni-Ni at 2.55 Å. For the LNZ5 and LNZ10 
samples however, the Ni-Ni distance peak magnitude is decreased indicating less Ni-Ni 
interactions in accordance with the substitution of Ni in a host lattice.  
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(a) (b) 
  
                                     (c) 
 
Figure 6.12. (a) Ni K-edge XANES data, (b) first derivative of XANES and (c) FT of the 
EXAFS k2 χ (k) obtained for the as-prepared NiO, La2ZrNiO6, Ni/LZ, LNZ5 and LNZ10. 
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6.3.2.2. In situ XAS: active species formation 
(a) (b) 
  
(c) (d) 
  
(e) (f) 
  
Figure 6.13. (a,c,e) Ni K-edge XANES data, (b,d,f) FT of the EXAFS k2 χ (k) obtained for 
the as-prepared Ni/LZ, LNZ5 and LNZ10 during TPR. 
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To further understand the possible exsolution of Ni from the host lattice, in situ temperature 
program reduction was performed on Ni/LZ, LNZ5 and LNZ10. XAS spectra were 
collected at different temperatures and the evolution of the XANES data and the Fourier 
Transform (FT) of the EXAFS k2 χ (k) are shown in Figure 6.13. On the XANES plots, the 
pre-edge peak and white line intensities are good criteria to follow the reduction of NiO. 
The pre-edge feature increases while the white line intensity drops upon reduction of NiO. 
Reduction was initiated at 300 °C in good agreement with the TPR data shown in Figure 
3.8. The supported catalyst and 5 % doped catalyst both appear to be fully reduced at 700 
°C as their XANES spectra presents the typical shoulder at 8333 eV of metallic nickel. The 
LNZ10 catalyst on the other hand still presents an intense white line after reduction, 
contrasting with the Ni foil profile.  
Figure 6.14.a. represents the XANES profiles of the reduced samples compared to the Ni 
foil reference. The difference between the LNZ10 catalyst and the Ni foil may be indicative 
that the LNZ10 catalyst is not completely reduced, in accordance with the XRD results in 
Figure 3.9. and the redox study in Figure 3.10. However, the position of the edge in LNZ10, 
obtained from the first derivative of the normalised absorbance clearly aligns with the edge 
of Ni foil. This may indicate that some Ni is present in a metallic form and is active for 
DRM, while some Ni is still strongly interacting with neighbouring atoms most likely in 
the double perovskite phase. The analysis of the EXAFS data in Figure 6.15. confirms this 
assumption. The first coordination shell corresponding to Ni-O at the phase-uncorrected 
bond length 1.6 Å and the second coordination shell corresponding to Ni-Ni at 2.55 Å in 
NiO both disappear upon reduction. A new peak appears as the samples are reduced, at 
phase-uncorrected interatomic distance 2.1 Å. This corresponds to the Ni-Ni bond in Ni 
metallic [211]. The complete disappearance of the Ni-O and Ni-Ni coordination spheres 
corresponding to the initial oxidised Ni centres in the reduced LNZ10 sample suggests the 
full reduction of Ni.  
Nevertheless, a careful comparison of the EXAFS treated data in all reduced samples 
highlights the different Ni environment in LNZ10. Figure 6.15. represents the FT of the 
EXAFS k2 χ (k) obtained for the reduced samples. It is clear that only Ni-Ni bond 
corresponding to Ni metallic are detected. However, the Ni-Ni bond length is slightly 
shorter in the LNZ10 sample, indicating a contraction in the lattice. In addition, the 
magnitude of the peak at this radial distance is weaker for the 10% catalyst, indicating 
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smaller particles which would explain the superior performance of this catalyst for 
reforming reactions. 
(a) (b) 
  
Figure 6.14. (a) Ni K-edge XANES data, (b) first derivative of XANES obtained for the Ni 
foil, reduced Ni/LZ, LNZ5 and LNZ10. 
 
Figure 6.15. FT of the EXAFS k2 χ (k) obtained for Ni foil, NiO and the reduced Ni/LZ, 
LNZ5 and LNZ10. 
6.3.2.3. Ex situ XAS: evolution upon DRM reaction 
The evolution of Ni oxidation state and environment in the doped catalysts is followed from 
the catalyst preparation to the post mortem catalyst, and the corresponding XANES are 
shown in Figure 6.16. Both catalysts presented very different behaviour during the catalytic 
test presented in chapter 4. These different behaviours can be related to the different 
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structure of the catalysts. First, the 5% catalyst displayed full reduction of the Ni species 
prior reaction. This indicates that all Ni species came out of the pyrochlore lattice during 
the reduction pre-treatment. On the other hand, the 10% catalyst still contains some 
oxidized Ni species, possibly in the double perovskite phase as assumed in chapter 3. After 
DRM reaction, LNZ5 shows signs of oxidation with an increased white line while no 
change was observed in LNZ10. The fast deactivation of LNZ5 was attributed to sintering 
and carbon deposition. The dissolution of carbon in the Ni lattice may result in a higher 
maximum absorption compared to Ni0 as observed with Ni3C [212]. The local electronic 
density surrounding Ni is decreased due to the contribution of carbon. 
(a) (b) 
  
Figure 6.16. Ni K-edge XANES data obtained for Ni foil, NiO and the fresh, reduced and 
spent catalyst: (a) LNZ5 and (b) LNZ10. 
To further evaluate the evolution of Ni during reaction, the fresh samples were compared 
to the regenerated samples after reaction. The post reaction samples were oxidised in situ 
at 700 °C for 1 hour. The Ni K-edge XANES data obtained for NiO, La2ZrNiO6, the fresh 
and regenerated LNZ5 and LNZ10 are shown in Figure 6.17. The LNZ5 sample initially 
presented quite a different XANES profile from NiO, which was attributed earlier to the 
different environment of Ni, possibly located in the pyrochlore lattice. After activation, it 
was postulated that all the Ni species came out of the lattice since Ni was under metallic 
form. After reaction and regeneration, the XANES profile of the LNZ5 catalyst is very 
similar to that of NiO. This suggests that Ni was indeed inside a host lattice prior activation, 
and that reduction of the catalyst forced Ni out of the lattice. Subsequent oxidation resulted 
in NiO particles decorating the pyrochlore surface. LNZ10 on the other hand, did not fully 
reduce as some Ni remained in the double perovskite phase. After regeneration, the XANES 
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profile is much more similar to the NiO profile, however some differences remain since the 
double perovskite phase is still present as seen by XRD in Figure 4.13. Nevertheless, the 
differences between the initial and regenerated profiles are a clue that some Ni atoms were 
also originally located in the pyrochlore lattice. 
(a) (b) 
  
Figure 6.17. Ni K-edge XANES data obtained for NiO, La2ZrNiO6, the fresh and 
regenerated catalyst: (a) LNZ5 and (b) LNZ10. 
(a) (b) 
  
Figure 6.18. FT of the EXAFS k2 χ (k) obtained for NiO, La2ZrNiO6, the fresh and 
regenerated catalyst: (a) LNZ5 and (b) LNZ10. 
Confirmation was obtained from the analysis of the EXAFS treated spectra of the same 
samples, in Figure 6.18. The magnitude of the Ni-Ni distance is much more intense in the 
regenerated catalyst, indicating the higher presence of NiO species as well as larger 
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particles. One may note the smaller relative intensity of the Ni-Ni corresponding peak at 
2.5 Å in LNZ10 which indicates small particles. 
6.4.  Conclusions 
The intrinsic properties leading to the superior LNZ10 catalyst were assessed in this 
chapter. Operando Diffusive Reflectance Infrared Fourier Transformed Spectroscopy shed 
light on the activation of CO2. Monodentate carbonate was found to form on the catalyst 
surface most probably on lanthanum oxide sites. The catalyst was found to dissociate CO2 
to CO in the absence of methane, thus passivating Ni metallic surface. The presence of 
adsorbed carbon and hydrogen enhanced CO production which formation activation energy 
is estimated at 92 kJ mol-1. Nevertheless, no hydroxyl, carbonyl, formate or bicarbonate 
species were detected due to transportation limitation. 
The properties of LNZ10 were further investigated by X-Ray absorption Spectroscopy. 
XANES analysis showcased the different Ni local environment in the doped catalysts 
relative to NiO. Although the as-prepared catalysts present the features of Ni2+, the 
electronic density surrounding the Ni atoms was found to be lesser. This suggests the 
introduction of Ni in the host lattice. Applying the reductive pre-treatment to the catalysts 
facilitates the reduction of Ni2+ to Ni0, completely in case of LNZ5 while a portion of Ni2+ 
subsists in LNZ10. Complete reduction of NiO indicates that after the activation step, all 
Ni is out of the lattice and located on the surface of the catalyst. In the 10% Ni pyrochlore 
however, full reduction of Ni2+ is not obtained since a portion of Ni is believed to remain 
in the double perovskite lattice. A portion of Ni2+ is however reduced and active for DRM. 
The size of these particles is estimated to be very small and responsible for the superior 
activity of this catalyst. During DRM reaction, reduced Ni particles agglomerate. In the 
case of LNZ5, carbon is believed to dissolve in Ni lattice causing the catalyst deactivation. 
However, this was not observed for LNZ10, emphasizing its carbon resistance. Lastly, 
analysis of the regenerated catalyst confirmed the different Ni environment before and after 
reaction suggesting Ni exsolution.  
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7.1. Overall conclusions 
The main goal of this thesis was the development of a cost-effective catalyst for the reforming 
of methane by CO2, able to withstand high temperatures and able to resist deactivation due 
to coking and sintering. Overall conclusions as a result of the efforts towards these goals are 
summarised in the following sections.  
Strategy development 
Carbon dioxide is a very stable molecule, almost chemically inert. As a result, the activation 
of CO2 is particularly difficult and requires high energy supply and very active metal 
catalysts. According to thermodynamic simulations, to achieve complete conversions 
towards syngas, the reaction needs to take place at high temperatures. However, under such 
conditions, metal supported catalysts are prone to sintering of the metallic phase. Moreover, 
carbon deposition induced by methane decomposition is also favoured. Therefore, DRM 
catalysts are not only required to be highly active, but also selective and highly stable. The 
performance of a catalyst is affected by the nature and particle size of the metal, the 
structure, texture and nature of the support and by the reaction conditions. 
Great efforts are deployed to improve the sintering resistance of transition metal-based 
catalysts. Different strategies have been applied, some aiming to increase the interaction 
strength between the metal and the support while others aimed at confining the particles in 
cavities and shells or tube-shaped structures. 
The strategy employed in this thesis is the confinement of metal particles in a complex 
mixed oxide structure. The La2Zr2O7 pyrochlore was selected for its high thermal stability 
and great oxygen mobility, and doped with different Ni loadings. In this way Nickel was 
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stabilised within a thermally stable mixed oxide structure, to prevent Ni from sintering and 
therefore from forming large clusters that favours carbon formation. XRD and Raman 
analysis of the calcined samples confirmed the formation of the pyrochlore phase and 
indirectly suggested Ni substitution in the pyrochlore. The introduction of 10 % of Ni led 
to the formation of a double perovskite phase. TPR experiments coupled with XRD analysis 
demonstrated that the double perovskite phase was stable up to 800 °C. Textural properties 
revealed the very low surface area of pyrochlore materials thus highlighting the good 
dispersion of Ni. Preliminary reactivity experiments revealed the high potential of these 
materials to activate methane. Lastly, the pyrochlore materials displayed high oxygen 
mobility and strong basicity which is an essential requisite for a suitable reforming catalyst. 
Strategy validation 
The novel series of advanced nickel-based catalysts was tested for DRM. The bare 
pyrochlore was not active since the operating temperature was lower than the reactivity 
threshold temperature detected during TPSR. The 2% doped catalyst was rather inactive 
due to its low metal content. The 5 and 10% Ni doped pyrochlore were found to be active 
for DRM. LNZ5 deactivated quickly whereas LNZ10 displayed outstanding catalytic 
activity and stability over a long-term stability test of 360 hours. TPO and TEM analysis 
were performed on the spent catalysts and multiwall carbon nanotubes were identified as 
being formed on the surface. However, this had a limited impact on the catalyst’s activity 
proving the robustness of the 10% doped pyrochlore. Structural analysis was conducted on 
the catalyst after 360 hours of reaction using XRD and revealed that the pyrochlore 
structure remains intact during reaction and that Ni was exsolved to the surface during 
reaction generating small Ni clusters which are responsible for the observed high activity. 
Regeneration of the catalyst was performed, and subsequent reduction allowed the 
redispersion of Ni clusters via the formation of a perovskite phase. 
Strategy versatility 
Chapter 5 provides evidence of the excellent performance of the 10% Nickel-doped 
pyrochlore catalyst for chemical CO2 recycling via biogas reforming and steam-carbon 
dioxide bireforming. Various feedstocks were employed to assess the catalyst’s versatility. 
The reforming of methane-rich biogas mixtures in particular, exposes the catalyst to 
increased levels of carbon deposition. The doped catalyst was found to perform better than 
the equivalent supported pyrochlore. Deactivation was reduced due to the small Ni particles 
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obtained through the stabilisation strategy. Carbon formation may be reduced by the 
introduction of steam, as observed during bireforming tests. The doped catalyst showed 
excellent stability under steam enhanced conditions however the overall conversion of 
reactant was decreased. In comparison, the supported pyrochlore deactivated immediately 
as steam was found to accelerate the sintering of Ni clusters. Very importantly, the H2/CO 
ratio produced by the catalyst can be fine-tuned by introducing steam into the system, 
enabling a flexible syngas production for a variety of applications. The engineered catalyst 
also allows adjustment of the syngas ratio under different reactions conditions such as 
temperature and space time, thus making it very versatile when process integration is 
considered.   
Strategy confirmation 
The intrinsic properties leading to the superior LNZ10 catalyst were assessed in Chapter 6. 
CO2 activation was evaluated by means of Operando DRIFTS. Monodentate carbonate was 
found to form on the catalyst surface most probably on lanthanum oxide sites. The catalyst 
was found to dissociate CO2 to CO in the absence of methane resulting in a passivated Ni 
metallic surface. The presence of adsorbed carbon and hydrogen enhanced CO production 
which formation activation energy is estimated at 92 kJ mol-1. Nevertheless, no hydroxyl, 
carbonyl, formate or bicarbonate species were detected due to transportation limitation. 
Previous characterisation suggested the presence of Ni species inside the pyrochlore, on the 
surface of the pyrochlore and inside the double perovskite phase. Ni exsolution from the 
pyrochlore lattice was suggested to form small and dispersed Ni clusters that are 
responsible for the performance of the catalysts. However, no direct evidence of exsolution 
was detected due to the limitation in detection of standard techniques. XAS analysis led to 
concrete evidence of Ni exsolution. 
First, XANES analysis showcased the different Ni local environment in the doped catalysts 
relative to NiO. Although the as-prepared catalysts present the features of Ni2+, the 
electronic density surrounding the Ni atoms was found to be lesser. This suggests the 
introduction of Ni in the host lattice.  
Second, applying a reductive pre-treatment to the catalysts triggered the reduction of Ni2+ 
to Ni0, completely in case of LNZ5 while a portion of Ni2+ subsists in LNZ10. Complete 
reduction of NiO indicates that after the activation step, all Ni is out of the lattice and 
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located on the surface of the catalyst. In the 10% Ni pyrochlore however, full reduction of 
Ni2+ is not obtained since a portion of Ni is believed to remain in the double perovskite 
lattice. A portion of Ni2+ is however reduced and active for DRM. In the case of LNZ5, 
carbon is believed to dissolve in Ni lattice causing the catalyst deactivation. However, this 
was not observed for LNZ10, emphasizing its carbon resistance. Lastly, analysis of the 
regenerated catalyst confirmed the different Ni environment before and after reaction 
suggesting Ni exsolution. 
7.2. Future directions 
In this section, the future research possibilities based on the work conducted in this thesis are 
summarised below. 
Strategy development 
The use of pyrochlore as host lattice for Ni substitution was demonstrated as promising. 
The family of pyrochlore material is vast and studies to stabilise Ni in other types of 
pyrochlore or perovskite are still needed. Attempts at introducing nickel in Pr2Zr2O7 and 
Nd2Zr2O7 pyrochlores were performed during this thesis but represented a challenge. The 
synthesis of Pr2Zr2O7 and Nd2Zr2O7 implies the use of calcination temperatures above 1200 
°C to reach the pyrochlore crystal structure. At such temperature, sintering of the material 
occurs and nickel is more likely to agglomerate on the surface rather than integrate in the 
pyrochlore lattice. Hence, future research should target pyrochlores formed at lower 
temperature. La2Ce2O7 or La2Ti2O7 have been used in other studies and successfully doped 
with various metals. Those pyrochlores have great potential for DRM. The redox properties 
of ceria are praised in catalysis and the oxygen storage capacity induced by ceria is 
extremely valuable for carbon deposition mitigation. The CO2 activation ability of 
lanthanum oxide combined with the oxygen mobility induced by ceria should result in 
highly active catalysts.  
The catalysts investigated in this thesis were prepared by combustion synthesis using citric 
acid as fuel. The amount of fuel added as well as the type of fuel used may be investigated. 
The quantity of oxygen present in the atmosphere during the combustion influences the 
surface reorganisation as seen in Chapter 3. The amount of fuel and the oxygen content of 
the fuel may affect the final product. Indeed, the best performing catalyst formulated in this 
thesis presented a double perovskite secondary phase. The proportion ratio of pyrochlore 
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to perovskite phase is highly dependent on the synthesis methods and thermal treatment. 
Oxygen starvation was found to lead to a higher ratio of double perovskite, hence the 
amount of fuel is of paramount importance. Other synthesis method such as co-precipitation 
or sol gel synthesis such as the Pechini method could also be investigated.  
In addition, the role of the double perovskite in the DRM reaction is not yet clear, and 
deeper understanding is needed. Further investigation is required to understand the 
formation and properties of the double perovskite phase. Preliminary results have shown 
that large amount of double perovskite in the sample was detrimental to the activity and 
stability of the catalyst. The thermal treatment of the sample highly affects the ordering of 
the cations and the crystal structure of the obtained phases.  The calcination temperature 
and its effect on the structure of the material as well as catalytic activity is another 
parameter worth exploring. 
Strategy validation and versatility 
CCU can so far be considered viable where large quantities of low-cost CO2 are available. This 
means that CO2 will most probably be captured or redirected from flue gas. These raw gases 
contain many impurities that may poison the catalyst. Even when pre-treatments are applied, 
residual amounts of impurities remain. Biogas often contains 0-0.05% of ammonia, 0-0.5% of 
H2S and 0-50 mg m
-3 of siloxanes. Hence the resistance of the catalyst to these residues must 
be investigated for practical applications. 
In addition, the syngas produced from DRM requires further processing to produce added value 
chemicals. Most of the downstream processes such as methanol production or FTS operate 
under high pressure. The compression of gases is an extremely expensive step, hence 
industrialists recommend the operation of the reforming process at high pressure, to reduce the 
overall cost. According to le Chatelier’s principle however, DRM is not favoured by high 
pressure and additionally carbon formation is more favoured. Thus, research must be conducted 
on high pressure reformers for this technology to be commercialised. The catalytic rig at the 
University of Surrey includes a high-pressure gas line and MFC as well as a back-pressure 
regulator valve. The tubular reactor needs to be changed to a high-alloy steel reactor able to 
withstand 900 °C and high pressure to be able to conduct these tests. 
Also, in the context of commercialisation and exploration of market opportunities for this 
catalyst, a potential direct application could be the implementation of our catalyst for internal 
reforming SOFCs – hence making possible the direct conversion of biogas to electricity. This 
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approach fits perfectly in the context of a circular low carbon economy where biogas (generated 
from waste residues) is transformed to green electricity. In fact, our protected IP has sparked 
interests of fuel cells companies, reflecting one of the most important achievement of this 
thesis: the potential knowledge transfer from academic research to industrial applications and 
the fact that very fundamental science can lead to technological progress.   
Strategy confirmation 
XAS is an extremely valuable but complicated tool. Further information may be extracted 
from the presented data. EXAFS data fitting is undergoing at the moment in our group to 
determine the coordination number of Ni in each sample as well as the Debye-Waller factor 
and R-factor. The particle size of Ni may also be extracted. Additionally, FEFF simulations 
will be conducted to predict the XANES spectra of a doped pyrochlore, thus allowing 
further support for the exsolution hypothesis.  
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